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1.0 SUMMARY

The main objectives of the NASA Dilution Jet Mixing Phase

III Program were as follows:

o Extend the data base on mixing of single-sided row of

jets in a confined cross flow to discrete slots includ-

ing streamlined, bluff and angled slots

o Quantify the effects of geometrical and flow parameters

on penetration and mixing of multiple rows of jets into

a confined cross flow. Investigate in-line, staggered

and disimilar hole configurations

o Determine the effects of unequal flow rates through

double row of jets

o Develop empirical correlations for predicting tempera-

ture distributions for discrete slots as well as multi-

ple rows of dilution holes

The general conclusions derived from Phase III efforts are:

o Jet penetrations and mixing characteristics of stream-

lined and bluff slots are similar to those of equiva-

lent area circular holes with the same S/H 0 value at

constant momentum flux ratio.

o The jet penetration and mixing rates for 45-degree

slots are lower than those of equivalent area circular

holes, streamlined, or bluff slots.

o The 45-degree slots generate skewed vortex field, which

shifts the jet centerplanes along the slot centerline.



In addition, the vortex field rotates the temperature
contours about the axis of the slot.

o Temperature fields due to double row of jets are very
similar to those of equivalent single row of circular
jets at the same momentum flux ratio.

o The temperature profile development with double row of
jets is dominated by the leading row of jets.

o The empirical model developed in this phase, predicts
the temperature distributions due to axially-staged

jets and non-circular jets within engineering accuracy.
These models have provided a valuable extension of

existing empirical models to analyze practical dilution
zone configurations. They provide a very useful first-
order tool for designing gas turbine dilution zones.
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2.0 INTRODUCTION

Advanced technology gas turbine engines require increased
thrust or horsepower per unit mass airflow rate. With the

improvements in manufacturing technology of surface coating and
other high-temperature materials, emphasis has been directed
toward increasing combustor exit temperatures. Increases in com-

bustor exit temperatures are often achieved with reduction of
available dilution air. This necessitates effective use of the
available dilution air to meet the combustor discharge tempera-

ture distribution requirements.

The combustor discharge temperature quality is influenced by

nearly all aspects of the combustor design and in particular by
the dilution zone. To tailor the combustor discharge temperature

pattern, the discharge temperature distribution must be charac-
terized in terms of the dilution zone geometric and flow param-

eters. Such characterization requires an improved understanding

of the dilution jet mizing processes.

Considerations of dilution zone mixing in gas turbine com-

bustors have motivated several studies of multiple jets injected
into a confined cross flow to identify the dominant flow and

geometric parameters governing the mixing. For example, the
studies reported in References 1 to 5 investigated the mixing
characteristics of a single row of jets injected normally into an
isothermal flow of a different temperature in a constant area

duct. Recent experiments reported in references 6 to 9 extended

the previous studies to investigate the role of several flow and
geometric variations typical of gas turbine combustion chambers,

namely variable temperature mainstream, flow area convergence,



and opposed in-line and staggered injection. Based upon these
experiments, empirical correlations have been developed to char-

acterize the dilution-zone temperature distributions. These
empirical correlations provide a valuable tool to the combustor

designer for modifying the dilution zone geometries to meet the
combustor-exit temperature profile quality. The correlations
developed in these investigations are applicable only within the

range of experimental configurations. Extrapolation of these
results outside the range of the test conditions can lead to
large errors.

Although these investigations covered a wide range of values
of geometrical and flow parameters, they do not include several
configurations frequently used in practical gas turbine systems.
Many gas turbine engines use multiple rows of dilution jets. The

investigations reported in References 1 through 9 are limited to
only a single row of jets. For small gas turbine applications,
it is possible to encounter situations where the dilution holes

may require very small hole spacing, which would make the combus-
tor liner structurally weak. In such circumstances, it is fea-

sible to employ discrete slots instead of circular holes. These
slots can be streamlined, bluff, or angled with respect to the

hot-gas stream. A data base on such configurations is not avai-
lable in the open literature. This phase of the Dilution Jet
Mixing Program has been undertaken to acquire a data base on

these practical dilution zone configurations.

The NASA Dilution Jet Mixing Program was a three phase

effort to provide data base on the effect of dilution zone ori-
fice pattern and geometry on mixing. The results of the first
two phases have previou31y been reported.
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The objective of Phase I was to quantify the effect of den-

sity ratio, flow area convergence, and nonuniform mainstream pro-
file on the mixing of a single row of jets with a confined cross
flow. The temperature field results of this study are reported

in reference 6.

The objectives Of Phase II were to extend the data base on
the mixing of a single-sided row of jets in a confined cross flow

and to quantify the mixing of opposed jets in a confined cross

flow. The temperature field results of this study are reported

in reference 7.

The main objectives of NASA Dilution Jet Mixing Phase III

Program were as follows:

o Extend the data base on mixing of single-sided row of

jets in a confined cross flow to discrete slots includ-

ing streamlined,, bluff and angled slots

o Quantify the effects of geometrical and flow parameters

on penetration and mixing of multiple rows of jets into

a confined cross flow. Investigate in-line, staggered

and dissimilar hole configurations

o Determine the effects of unequal flow rates through

double row of jets

o Develop empirical correlations for predicting tempera-

ture distributions for discrete slots as well as multi-

ple rows of dilution holes

5



The results of this investigation are reported herein. The
description of the experimental setup is presented in Section
3.0. Data acquisition and reduction details are presented in

Section 4.0. Test results and the predictions obtained from the
correlations are presented in Section 5.0. The details of the

correlation are presented in Section 6.0 and conclusions and
recommendations are provided in Section 7.0.



3.0 TEST RIG AND FACILITY DESCRIPTION

3.1 Test Riq

The jet mixing test rig schematic layout is presented in

Figures 1 and 2. The mainstream airflow is ducted from the test

cell main air supply through a 15.24 centimeter (cm) internal

diameter pipe. A transition section connects the inlet pipe to a

rectangular cross section of constant width (30.48 cm) and adjus-

table height.

A perforated plate with 25 holes of 1.43-cm diameter pro-

vides a relatively uniform airflow in the mainstream. The main-

stream duct has an adjustable bottom wall to match the test sec-

tion inlet height, which can vary from 10.16 to 15.24 cm.

A separate air supply feeds the dilution jet orifices. The

dilution orifices are mounted on the end of a plenum, which is

attached to the top wall of the test section. The dilution jet

plenum includes a perforated plate to ensure uniform distribution

of air flow to all the jet orifices.

The rig walls are insulated with a 2.54-cm thick layer of

Kaolite insulation to minimize the rig heat losses.

The rig instrumentation includes a number of wall static

pressure taps and flow thermocouples in addition to a traversing

Pt/Ps/T rake, as shown in Figure 2.

A brief description of the test section and the dilution

orifice plates is provided in the following paragraphs.
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3.1.1 Test Sections

In the present investigation, all the tests were performed

in a constant area rectangular duct with a constant channel

height, H 0, of 10.16 cm. The test section had a length of

slightly more than 2H 0 to allow vertical profile measurements at

X/H 0 = 0.25, 0.5, 1.0 and 2.0.

To provide a well-controlled boundary layer profile at the

injection plane, a boundary-layer trip (0.41-cm high and 0.33-cm

wide) was welded to the four walls of the test sections. The

trip is located 15.24 cm upstream of the jet injection plane.

A number of static pressure taps are installed on the four

walls of the test sections. As indicated in Figure 3, a total of

32 wall taps were used to measure static pressure distribution.

Four thermocouples (two thermocoules extending from the top wall

and two through the bottom wall) were used for monitoring the

mainstream gas temperature levels. These thermocouples were

immersed 1.27 and 3.81 cm from the bottom and top walls, respec-

tively.

3.1.2 Dilution Orifice Plate Geometry

Seven different orifice configurations were used in this

investigation. Table 1 gives the important dimensions of the

orifice plates. These orifice plates are also illustrated in

Figure 4. In Table i, S represents the orifice spacing along the

jet injection plane and S x represents the spacing between rows of

jets. The aspect ratio of these orifices (defined as frontal

width/streamwise length) is unity for circular holes and is

different for the other orifice plates as shown in Table I.

8



TABLE i. ORIFICE PLATE CONFIGURATIONS.

Plate

M-1

M-2

M-3

M-4

M-5

M-6

M-7

01/02/04

Row

1

1

1
2

1

2

1
2

1

2

1

1

S/H 0 AR* Aj/A m Angle

0

90

0

0

0
0

0.5

0.5

0.5

0.5

1
1

0.5

0.25

0.25

0.5

0.5

0.5

0.36

2.8

1

1

1

1

1

1

1

1

1

1

0.098

0.098

0.049

0.049

0.049
0.049

0.049

0.049

0.049
0.049

0.098

0.098

0
0

0

0

45

0

Sx/H0

0

0

-0.25

+0.25

-0.25

+0.25

-0.125
+0.125

-0.125

+0.125

0

0

Dia

(cm)

2.54

2.54

1.80

1.80

2.54

2.54

1.80

1.27

1.27
1.80

2.54

2.54

*AR = Frontal width/streamwise length.



All of the orifice plates tested in this phase had the same

total jet-to-mainstream area ratio, Aj/A m, of 0.098. For the

tests involving axially staged jets, each row of jets had an area

ratio of 0.049. All of these plates have the same geometric area

as the orifice plate designated by 01/02/04 (S/D = 2, H0/D = 4),

where H 0 (test section height) = 10.16 cm.

For the majority of the test cases the nominal mainstream

temperature and flow rate were 644K and 0.27 kilogram/second

(kg/sec), respectively. The mainstream temperature was measured

by thermocouples located at the test-section entrance. A stan-

dard ASME orifice section installed in a 15-cm inside diameter

pipe was used for measuring the mainstream airflow rate.

A second air supply was used for controlling the dilution-

jet flow conditions. The dilution-jet temperature was maintained

at the ambient temperature and no external heater was required

for the test cases. The dilution air flow rates were measured

using a standard bellmouth nozzle section.
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4.0 DATA ACQUISITION _ND REDUCTION

4.1 Data Acquisition

The dilution jet mixing characteristics were determined by

measuring temperature and pressure distributions within the test

section at different axial stations. A traversing probe (Fig-

ure 5) was used for this purpose.

The probe consists of a 20-element thermocouple rake with

20 total-pressure sensors on one side and 20 static-pressure

rakes on the other side. The nominal transverse spacing between

the thermocouple rake and the total pressure rake is 0.508 cm.

The spacing between the thermocouple and the static pressure

elements is 0.508 cm.

The center-to-center height of the probe is 9.35 cm. The

first element is located 0.405 cm from the top wall of the con-

stant-height test section. All the elements are equally spaced

in the vertical direction, providing a nominal spacing of

0.492 cm.

The total-pressure sensor elements are made of Inconel tubes

with an outside diameter of 0.16 cm and a wall thickness of

0.023 cm. The internal conical design of the tube at the inlet

provides a ±15 degree flow insensitivity angle. The static pres-

sure tubes, similar to the total pressure sensors, are dead-ended

with four bleeding holes of 0.03-cm diameter, 90 degrees apart

and 0.7 cm from the tip. The total temperature sensors are

type-K thermocouple wires with insulated junctions encased in

0.10-cm inside diameter tubes, supported by 0.21 cm inside

ii



diameter enveloping tubes. The insulated junction tubes exposed
to the air stream are 0.76-cm long. The sensing elements have a
straight length of 1.52 cm or more before the first bend to the

probe core where all tubes are inserted in a rectangular probe
shield, 4.32 x 0.67 cm.

The probe is mounted on a traversing system (Figure 6) that
allows travel in three directions. This system allows for a
30.48 cm traverse in the X-direction (mainstream flow direction)

and 22.86 cm in the radial (Y) and transverse (Z) directions with

an accuracy of ±0.015 percent (References 1 and 2). The flow
field mapping in the Z direction is done over a distance equal to

the hole spacing (S) for any given orifice plate. The measure-
ments in the Z direction for single-sided injections and in-line

configurations with axially staged injection were made at the
eleven transverse planes identified by Z/S = -0.5, -0.4, -0.3,
-0.2, -0.i, 0, 0.i, 0.2, 0.3, 0.4, and 0.5, where Z/S = 0 denotes
the center of the orifice. For the stagge1:ed configuration with

double row injection, the measurements were made at a total of
sixteen transverse planes made at Z/S = -0.5 to 1.0 at intervals
of 0.1. The measurements in the X-direction were made at the

four axial planes X/H0 = 0.25, 0.5, 1.0, and 2.0. The probe was
traversed over a matrix of ii x 4 survey locations for single row

or in-line orifice configurations and 16 x 4 for staggered con-

figurations with two rows of injection.

The temperature and pressure values from the test rig
instrumentation were recorded on magnetic tape through a central

computerized data acquisition system. An on-line data display
system provided real-time information on selected raw data for
monitoring the flow conditions. The raw data from the magnetic

12



tape was later used for detailed data reduction, analysis, and
correlation.

4.2 Data Reduction

The rectangular grid network at which the measurements were

made can be described with the aid of Figures 6 and 7. The

X-axis is the axis along the length of the duct in the direction

of the main flow. The X=0 station is located at the jet injec-

tion plane. For double row of jets, the X = 0 station is located

midway between the two rows. The Y-axis (radial or vertical

direction) is the direction along the jet injection direction.

The Y=0 plane is located at the top jet orifice exit plane. The

Z-axis is in the cross-stream direction. The Z=0 plane is the

vertical X, Y plane at a jet centerline. The streamwise (X) and

radial (Y) distances are nondimensionalized by H 0, the channel

height at the jet injection plane. The transverse distance, Z,

is nondimensionalized by S, the dilution orifice spacing.

The measured gas temperature distributions are presented in

a nondimensionalized form as:

8(X, Y, Z) =

T m - T(X, Y, Z)

T m - Tj

where,

Tm or TMAIN = Mainstream stagnation temperature

Tj or TJET = Average jet stagnation temperature

13



T(X, Y, Z) = Stagnation temperature at the point (X, Y, Z) in
the flow field.

8 is a measure of the temperature change due to the jet

injections at any point (X, Y, Z) compared to the maximum pos-
sible temperature change and can vary from 0.0 to 1.0. 8 is

equal to zero when the local temperature equals the mainstream
temperature; and 8 is 1.0 when the local temperature equals the
jet temperature. When the jet and the mainstream are perfectly
mixed, the local temperature reaches ideal equilibrium tempera-

ture, TEB, given by:

TEB =
mm Tm + mj Tj

mm + mj

The ideal equilibrium temperature difference ratio (SEB or

THEB) is defined as:

8EB =
Tm - TEB

Tm - Tj

By using the definition for TEB, it can be seen that

8EB = mj/(mj + mm)

The parameter, 8EB, provides a measure of the quality of the jet

mixing. The arithmetic average temperature (Tar) at any X plane

and the corresponding 8av = (Tm - Tav)/(T m - Tj) are also pre-

sented with the reduced data to provide the information on the

average value of the temperature field at that plane.

14



The measured 8 values are presented in 3-D (oblique) plots and

isotherm contour plots at each X-station. The oblique plots provide
a convenient means of presenting the jet trajectory and mixing and

the isotherms provide a more quantitative representation for compar-
ison with correlations. These plots are presented over a 2S span in

the Z direction by assuming symmetry of the 8 distribution with

respect to the midplane between two orifices. This assumption was
invoked only for the purpose of improving the clarity of visual pre-
sentation of the temperature distribution. The accuracy of this

assumption depends upon the uniformity of the flow distribution
across the jet orifices. Preliminary tests were performed to ensure
that the mainstream and the jet mass flows were uniformly distribu-

ted over the entire width of the test section. A comparison of the

data and correlations is presented in a radial profile of 8 ver-

sus Y/H0 along the jet centerplane at each of the measured X/H0
stations.

The pressure recordings from the probe rake were used to

compute the velocity V(X,Y,Z) at the point (X,Y,Z). An interpo-
lation scheme was used to compute pressure (Ps) values at the

point where probe the::mocouples are located. From these total
and static pressures, a nondimensionalized velocity, [V(X, Y, Z)

- Vm]/V j, was computed. V(X,Y,Z) is obtained from:

I 1V(X,Y,Z) = 2 [Pt (X,Y,Z) - PS (X,Y,Z)I/p(X,Y,Z)

The jet velocity, Vj, is calculated from:

e

Vj = 4 mj /Pj N_D 2 C D

15



where D is the orifice diameter, N is the number of orifices, pj

is the jet density (Pj/RTj), and CD is the orifice discharge
coefficient.

The mainstream velocity, Vm, is calculated from:

Vm = (mm/PmAm)

where _m is the mainstream density (Pm/RTm) and Am is the mainstream
effective area.

The orifice discharge coefficients were determined by measuring

the pressure drop across the orifice plate (without cross-flow) for

a range of mass flow rates• The discharge coefficient, C D, was

obtained from the relation:

2

t'>Wc
A_.__P = 1.99

P AC D

where, w c is the corrected flow rate in ibm/se: and A is the geo-

metric area of the orifices in square inches•

• • /_ T(OR l P(psi)
Note: w c = w a -_----, 8 - 517 , and _ = 14.696

The velocity vector in the vicinity of the jet injection plane

is predominantly in the radial direction. In such regions, the

velocity values obtained from the rake probe are not expected to be

accurate• For the sake of brevity, the measured velocity distribu-

tions are not presented in this report. However, tables of non-

dimensional velocity distribution, [V(X,Y,Z) - Vm]/V j, are provided

for each test case in the Comprehensive Data Report (CDR) for this

program.

16



An important parameter relevant to the jet penetration and

mixing is the jet momentum flux ratio, J, defined as:

J = pjVj 2 / (PmVm 2)

where:

pj = Jet density = Pj/RTj

Pm = Mainstream density = Pm/(RTm)

Vj or VJET = Jet velocity at the orifice vena contracta

V m or VMAIN = Mainstream Velocity = mm/(PmAm)

A m = Cross-sectional area of the duct.

Other flow parameters of interest are:

Blowing rate, M or BLORAT (mass flux ratio) = pjVj/PmVm

Temperature ratio, TRATIO = Tj/T m

Density ratio, DENRATIO = Pj/Pm

Velocity ratio = Vj/V m

The geometric parameters of importance associated with the ori-

fice configuration are: S/Dj and H0/D j, where Dj is the effective

jet diameter defined by:

17



Dj = D_/CD

The quantities described in this section define the geomet-
ric and flow conditions of each test and are reported along with
the reduced data.

The average mainstream velocity, Vm and the average jet

velocity, Vj, are mass weighted average values for the test.
They represent the correct momentum flux for the mainstream and
the jet respectively. For the two rows of injections, this pro-
cedure is adopted for the front and the aft injections while
reducing the test data. The results are presented in nondimen-

sional form for the two rows of injection as:

Tm - T
@ - •

Tm - _

where• T-j = (TjF + TjA ) /2

with TjF and TjA being the stagnation temperatures of the front

and aft jets, respectively.

18



5.0 EXPERIMENTALDATA DISCUSSION

The Phase III test program was divided into two test series

(Series 9 and i0). Series 1 through 8 testing was conducted dur-

ingPhase I and Phase II programs (References 6 and 7). For each
of the Phase III tests, the measured data and predictions

obtained from the correlations are discussed in the following

paragraphs. Paragraph 5.1 provides the discussion of results
obtained in Series 9. The Series I0 results are discussed in

paragraph 5.2.

5.1 Series 9 Tests

The purpose of this test series was to investigate the jet

mixing characteristics of discrete slotted jets and double rows

of jets with equal momentum flux ratios injected into an isother-

mal, hot confined cross flow in a straight duct with a channel

height of 10.16 cm. A total of 12 tests were performed in this

test series. The geometrical orifice description and the nominal

flow conditions for these tests are listed in Table 2. In Phase

III tests, the dilution jets were injected from the top wall of

the test section.

Test No. 1 was performed with streamlined slots (orifice

plate M-l). The momentum flux ratio of the jets (J) for this

test was 6.60. Figure 8 shows the measured distribution of non-

dimensional temperature difference (8 or theta) for test No. i.

The top half of Figure 8 shows the oblique plot of the theta

profiles at four axial stations of X/H 0 = 0.25, 0.5, 1.0 and 2.0.

The bottom half of the figure provides the measured theta con-

tours for the corresponding stations.

19
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TABLE 2. SERIES 9 TEST CONFIGURATIONS AND FLOW CONDITIONS WITH TEST SECTION I.

* Mass

orifice Flow

Test orifice Dia S Rate

No. Plate (CM) H 0 (KG/S)

1 M-! 2.54 O.5 1 6.2683 690.! 17.0 0.07637

2 M-I 2,54 0.9 L 0.2661 661.0 16.7 0.1339
3 _-2 2.54 O.5 0.2676 675.0 17.2 0.1803

M-2 2.54 O.5 O.2625 655.3 12.6 0.2690

5 M-3 1.00 0.5 0.2674 690.3 17.7 O.033O2

1.00 O.5

6 _-3 1.00 0.5 O.2667 665,9 17.1 0¸.O6488

1.00 0.5

7 M-3 1.80 0.5 6.2681 636.7 16.3 0.1231

1.00 0.5

8 M-4 2.54 1.0 0.2668 682,0 17.4 0.O3596

2.54 1.0

9 M-4 2.54 1.0 O.2694 671.6 17.3 O.06567

2.54 1.0

i0 M-5 1.80 0.5 O.2672 695.5 17.0 0.03730

1.27 0.25

13 _-6 1.80 0.5 0.2675 677.2 17.3 O.O6911

1.27 0.26

12 _-5 1.80 0.5 0.267O 645.0 16.4 0.1310

1.27 0.25

* Equivalent circular hole diameter

+ see Table 1 for geomeLrical descriptions of orl_ice plates.

MAINSTREAM FORE DILUTION JET

I i ...... _ 1 _) I..... ]

Temp Velocity Flow iux Temp Velocity

{TMAIN) (VMAIN) Rate Ratio ( ) (VJF)

(OK) I (M/S) (KG/S) JF (M/S) (CD) F

6.60 JlT.l 30.9 0.764

26.47 307,3 58,5 0,707

26.59 316.5 60.3 0.904

106.5 315.0 "88.6 0.891

6.65 319.2 30.9 0.662

26.27 310.4 59,2 0,650

107.2 309.6 113.9 0.611

6.67 314.0 30.4 0.719

26.77 313.5 60.7 0.649

6.72 321.1 31.2 0.744

26.79 313.5 60.2 0.686

i06,3 313.7 113.3 0.651

AFT DILUTION JET

Rate a (TjAI (vjA)

(KG/S) JA {oK] {M/S) (CD) A

I -

0.0329i 6.63

O.06555 26.85

0.1224 106.0

0.03715 6.32

0.06786 26.68

0.03781 6.67

0,07006 26.63

0,1365 106,4

Equilibcium

Theta

(THES)

0.Z216

0.3447

0.4026

0.57O5

32O.5 30.95 0.662 0.1978

310.9 59.9 0.65O O.3268

310.2 113.2 0.611 O.4700

314,1 29,6 0.764 0.2151

314.8 6O.8 O.676 0.3314

32O.4 31.1 0.706 0.2194

312.9 60.1 0.70O 0.3422

313.2 114.7 0.686 0.50O4

Axial Transverse

Direction Direction

X/H 0 {Z/S)

O.25 2.O -O.5 to +0.8

0.15 - 2.O -0.6 to +0.6

O,25 - 2.0 -O.5 to +O.5

0,26 - 2.0 -O.5 So +O.5

O.5 - 1.5 -0.6 to +O.5

0.5 - 1.5 -0.6 to +0.6

0.5 - 1.5 -O.5 to +0,5

O.5 - 1.5 -O.5 to +0.5

0.5 - 1.5 -O.5 to +O.5

O.25 - 2.O -0.5 to +0.5

O.25 - 2.0 -0.5 to +O.5

O.25 - 2.0 0.5 to ÷0.5



The mixing performance for any given configuration can be

assessed from the deviation of the theta distribution about the

ideal equalibrium value 8EB. A small deviation from 8EB charac-

terizes nearly complete mixing of the jets and the mainstream.

For Test i, the value of 0EB is 0.2216, which corresponds to

contour 5 in Figure 8.

At X/H 0 = 0.25, the jets penetrate to about 50 percent of

the local duct height. The streamlined slots show the familiar

kidney-shaped symmetric vortex structure behind the jets. These

vortices entrain the mainstream, interact with adjacent jets, and

gradually approach equilibrium conditions. As the mixing process

progresses, the jets spread in both vertical (Y) and transverse

(Z) directions. The jet spreading in a transverse direction can

be inferred from the smoothness of the theta contour shapes. In

Test No. i, the jet spreading rate in the transverse direction is

faster than the rate in the vertical direction. In the vertical

direction, most of the jet spreading occurs towards the injection

wall. Near the bottom wall of the test section, the theta values

are esentially zero, which corresponds to hot-mainstream condi-

tions. In the wake region behind the jets, the theta values are

larger, which is indicative of the effects of jet spreading.

The streamlined slots have the same geometric area and S/H 0

value as orifice plate 01/02/04 (S/D = 2 and H0/D = 2). The

latter orifice plate was tested in Phase I at comparable momentum

flux ratio (Figure 12, Reference 6). Comparison between the data

for streamlined slots and orifice plate 01/02/04 at low-momentum

flux ratios shows that in the near field (X/H 0 <i), the stream-

lined slots have deeper jet penetration than the circular holes.

However, in the far field (X/H 0 >i), the two orifices have very

similar theta distributions.

Figure 9 presents the predicted theta distributions for Test

No. 1 obtained from the empirical correlations. The correlations
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are developed based upon the expressions given in Reference 7.
Details of this development are described in Paragraph 6.1. For

discrete slots, the jet penetration expressions were modified to
include the effects of aspect ratio (defined as frontal width/
streamwise length). In Figure 9, the top part illustrates the

predicted theta distributions, while the bottom part illustrates
the comparison between measured and predicted centerplane theta
profiles. The predictions are represented by solid lines and the

symbols correspond to the data. The predicted theta distribu-
tions underestimate the jet spreading in the transverse direc-
tion. This is partially due to the form of the distribution used
in the transverse direction (Equation 23). For streamlined

slots, the validity of Gaussian profile in the vertical direction
is questionable. The predicted results slightly overestimates

the jet spreading in the vertical direction. However, the pre-
dicted theta distributions are in agreement with the data within
engineering accuracy.

Figure I0 shows the measured theta distributions for Test
No. 2 with single-sided injection using streamlined slots. In
this test case, the jet-to-mainstream momentum flux ratio is

26.47, and the value of 8EB is 0.3447. The value of 8EB also
represents the ratio of jet-to-total mass flow rates. At

X/H0 = 0.25, the jets penetrate to about 70 percent of the local
duct height. The jets gradually penetrate deeper downstream and
reach the opposite wall at X/H0 = 1.0. Beyond that station, the
jet spreading rates are enhanced in both the vertical and tran-
sverse directions. A similar test was conducted in Phase I using

the equivalent area circular jets with the same S/H0 ratio,
namely, orifice plate 01/02/04 (Reference 6, Figure 14). While

evaluating the Phase I test results, it was discovered that the
momentum flux ratio reported for that test case was incorrect.
To provide a baseline comparison for non-circular jets, a test
was conducted in Phase III with orifice plate 01/02/04 at J=26.4.
The results for that test are presented in Figure 50. Comparison
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of the data for streamlined slots and equivalent area circular

orifices show very similar theta distributions beyond X/H 0 = 0.5.
In the region closer to the jet injection plane, the streamlined

slots show deeper jet penetration than circular jets.

The predicted theta distributions for Test No. 2, obtained

from empirical correlations, are presented in Figure ii. As
observed in Figure 9, the predicted results underestimate the jet

spreading rate in the transverse direction. The measured center-
plane profiles for streamlined slots do not show a Gaussian dis-
tribution. Despite the lack of validity of the Gaussian profile

assumption, the empirical correlations predict the theta distri-
butions for streamlined slots within engineering accuracy.

Test No. 3 used a row of bluff slots (orifice plate M-2).

The dilution jets were injected from the top wall of the constant
area test section. The jet-to-mainstream momentum flux ratio in
Test No. 3 was 26.59. Figure 12 shows the measured theta dis-
tributions for this test case. The value of 8EB for Test No. 3

was 0.4026.

At X/H0 = 0.25, the jets penetrate to about 60 percent of
the duct height. This penetration is smaller than that of the
streamlined slot (Figure ii)o At X/H0 = 1.0, the jets penetrate

to the opposite wall, followed by rapid mixing in the vertical
and transverse directions. In the near field (X/H 0 <i.0), the

jet penetration for bluff slots are very similar to those of
equivalent area circular holes with S/H0 = 0.5 (Figure 50). How-
ever, the jet spreading rates for bluff slots are slightly slower
than streamlined slots, especially in the near field.

The theta distributions calculated from empirical model for

Test No. 3 are presented in Figure 13. For bluff slots, the
empirical model was modified to account for the slot configura"
tion. These modifications are described in Section 6.1. The
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model calculations underestimate the jet penetration as well as
the jet spreading rates for bluff slots. The measured center-

plane profiles for bluff slots do show a Gaussian profile, unlike

those observed for streamlined slots. For the bluff slots, the

agreement between data and predictions is poor.

Figure 14 presents the measured theta distributions using

bluff slots (orifice plate M-2) at momentum flux ratio of 106.5.

For this case, the value of 0EB = 0.5705. At X/H 0 = 0.25, the

jets in this test case penetrate to about 80 percent of the duct

height. The jets penetrate to the opposite wall at X/H 0 = 0.5.

However, beyond that station, the jet spreading rates are

enhanced and produce completely mixed theta distributions at

X/H 0 = 2.0.

The bluff slots have the same geometric area and S/H 0 value

as the orifice plate 01/02/04 (circular holes with S/D = 2 and

H/D = 4). The latter orifice plate was tested at a comparable

momentum flux ratio during the Phase III program. The results of

that test will be presented later (Figure 48). Comparison of

data for bluff slots and equivalent area circular orifices, at

high-momentum flux ratio, shows that the jet mixing in the verti-

cal direction is faster for bluff slots than that for circular

holes. The data for circular holes show larger vertical gradi-

ents than those for bluff slots. This is not apparent at lower

momentum flux ratios.

The theta distributions calculated using the empirical model

for Test No. 4 are shown in Figure 15. At this high momentum

flux ratio, the predicted results slightly overestimate the jet

spreading rates in the transverse direction. The empirical

model, however, underestimates the jet penetrations for the bluff

slots. The measured profiles do not exhibit a Gaussian distribu-

tion for this test case. The predicted profiles for this test

are in poor agreement with data.
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The next three tests were conducted using the orifice plate

M-3. This orifice plate consists of two rows of circular holes
in an aligned configuration (Figure 4). Each of the rows is com-

posed of six orifices with a diameter of 1.80 cm, and having ori-
fice spacing to a diameter ratio of 2.83. Spacing between the

rows is 0.5 H0. The total geometric area of each row is 0.049
Am, where Am is the mainstream cross-sectional area
(Am = 0.03097 m2). The overall geometric area of this plate is
equal to that of orifice plate 01/02/04. The measurements in
these cases were made at X/g 0 = 0.5, 0.75, 1.0 and 1.5. For
these tests, the axial distances are measured from the mid-plane

between the two rows of jets (i.e., X/H0 = 0 is 0.25H from the
centerline of the lead row).

Test No. 5 was performed with orifice plate M-3 at momentum
flux ratios of 6.65 for the first row, and 6.63 for the down-

stream row of jets. The equilibrium theta value for this test
case is 0.1978. This value represents the ratio of jet-to-total
mass flow rate. The theta distributions for Test No. 5 (Figure

16), are very similar to those for a single row of equivalent
area circular holes (Figure 12, Reference 6). This similarity

suggests that superposition of the theta distributions, due to
each individual row, may accurately predict the overall distribu-
tions for this orifice plate. This approach was adopted for cor-

relating the temperature distributions for multiple rows of jets.
This similarity between single and double rows of jets was also
observed in Reference i.

The theta distributions calculated from the empirical model

for Test No. 5 are presented in Figure 17. These calculations
were obtained by superimposing the theta distributions due to

each single row of jets independently. The predicted results
correctly estimate the jet penetration and spreading rate in the
vertical direction. However, the jet mixing rates in the
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transverse direction is underestimated by the model. This is

primarily due to the assumption of Gaussian distributions in the
off-centerplanes. The overall agreement between data and the

empirical model predictions for this test case is very good.

Figure 18 presents the measured data for Test No. 6, using
orifice plate M-3 with momentum flux ratios of 26.27 for the

first row of jets and 26.85 for the downstream row. The equili-

brium theta value for this test case was 0.3268. At X/H0 = 0.5,
the jet penetration is about 60 percent of the duct height. The

jet penetration is established by the lead row. The jets do not

penetrate deeper than 60 percent of the duct height at downstream
stations. For the case of equivalent single row of jets, at com-
parable momentum flux ratio (Figure 50), the jets penetrate to

the bottom wall of the test section at X/H0 = 1.0. One expla-
nation for this characteristic in multiple rows of jets is the

influence of a pair of vortices originating from each row of jets
which tends to coalesce together, thereby inhibiting further jet

penetration. The theta profiles for Plate M-3 and the corres-
ponding profiles for orifice plate 01/02/04 are similar, if the
differences in jet penetrations are taken into account.

The predicted results for Test No. 6 are illustrated in
Figure 19. The predicted results underestimate the jet penetra-

tion at X/H0 = 0.5, but gives good agreement with data at the
downstream stations. The empirical model slightly overestimates
the maximum centerplane theta values, but the jet half widths are

accurately estimated. The overall agreement between data and
empirical model predictions is within first order accuracy.

Figure 20 illustrates the measured theta distributions for
Test No. 7 using orifice plate M-3 with J = 107.2 for the leading

row and J = 106.0 for the trailing row. At X/H0 = 0.5, the jet
penetration is about 75 percent of duct height and at

X/H0 = 0.75, the jets penetrate to the bottom wall of the duct.
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Beyond the impingement station, the jet mixing in the vertical as
well as transverse directions is enhanced. These theta distribu-

tions are very similar to those for equivalent area single row of
holes having the same S/H0 ratio (Figure 48). This similarity

supports the validity of the superposition principle used for

predicting theta distributions for multiple rows of jets.

The predicted results for Test No. 7 are presented in Figure
21. The empirical model accurately predicts the jet penetrations
for this case. The predicted minimum theta value, at the injec-

tion wall is almost 60 percent lower than the data at X/H 0 = 0.5.
This difference between data and model predictions is progres-

sively smaller at the downstream stations. The jet half widths
are accurately estimated by the empirical model. The overall
correlation between the data and the empirical model predictions

is very good.

The next two tests (Test No. 8 and 9) were performed with

orifice Plate M-4, which consists of two-staggered rows of ori-

fices with diameters of 2.54 cm, having orifice spacing

S/D = 4.0. The spacing between the two rows is 0.5 H 0. In each

row of this plate, there is a total of three orifices with the

ratio of total orifice geometrical area to mainstream area of

0.049. The total open area of plate M-4 is the same as the

single row of 6 orifices with S/D = 2 and H0/D = 4 (orifice plate

01/02/04). However, the values of S/H 0 are different for these

two plates.

The measured theta distributions for Test No. 8, using ori-

fice plate M-4 with J = 6.67 for the leading row and J = 6.32 for

the trailing row, are presented in Figure 22. At X/H 0 = 0.5, the

jets from the lead row penetrate to about 55 percent of the local

duct height, while those from the trailing row penetrate to about

35 percent of duct height. The trailing row jets do not pene-

trate much further, but interact with adjacent jets and the
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mainstream. The jets from the leading row penetrate farther

across the duct than tne equivalent area single row (Plate
01/02/04) of jets (Figure 12, Reference 6). This is mostly due
to the larger orifice spacing in the leading ro_ in Plate M-4. The

penetration of the trailing row of jets is suppressed by the vor-
tex field of the lead row. At the downstream stations, the tem-

perature fields for Plate M-4 are similar to those from an equi-

valent area single row (Figure 12, Reference 6), as well as the
double row in-line configuration shown in Figure 16.

The theta distributions calculated from the empirical model

for Test No. 8 are presented in Figure 23. The calculations are
obtained by superimposing the theta distributions due to each

individual row of jets. While superimposing the theta distribu-
tions for Plate M-4, the centerplanes of the two rows of jets
were staggered. Details of this procedure are presented in Sec-

tion 6.1. The empirical model underestimates the peak theta val-
ues, but accurately predicts the jet penetrations. The predicted
jet spreading rate in the transverse direction is slower than the

data. The agreement between the data and model predictions is

poor.

Figure 24 presents the measured theta distributions for Test
No. 9, using orifice Plate M-4 with J = 26.77 for the leading row
and J = 26.68 for the trailing row. The equilibrium theta value

for this test is 0.33]4. At X/H 0 = 0.5, the jets from the lead
row penetrate across to the bottom wall of the duct, while the

trailing row of jets penetrate to about 50 percent of the duct
height. As observed in the last test case, the penetration of
the trailing row of jets is suppressed by the vortex field of the
leading row of jets. The jet mixing in the transverse direction

is enhanced beyond the location of jet impingement on the bottom
wall of the duct. In the far field (X/H 0 >i.0), the temperature
field for this test case is similar to that for equivalent area

single row of holes (Figure 50).
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The theta distributions calculated from the empirical model

for Test No. 9 are presented in Figure 25. The empirical model

underestimates the peak theta values for this case. The data for
this case clearly exhibits a non-Gaussian theta profile and hence

the superposition of Gaussian profiles would not be expected to
give accurate results. However, at the far downstream station

(X/H 0 = 1.5), the predicted results are in good agreement with
the data.

The following three test cases were conducted using orifice

plate M-5. This plate consists of two rows of holes with

Sx/H0 = 0.25, and S/H0 = 0.5, H0/D = 5.66 in the lead row and
S/H0 = 0.25, H0/D = 8 in the trailing row (Figure 4). Despite
the differences in hole diameter and spacing, the two rows of

jets have the same total geometric area. The ratio of total ori-
fice area to mainstream area for this plate is 0.098.

Test No. i0 was performed using orifice plate M-5 with
J = 6.72 for the lead row (S/D = 2.83, H0/D = 5.66) and J = 6.67

for the trailing row of jets (S/D = 2.0, H0/D = 8). The station

where X/H0 = 0 is midway between the two rows of jets, or 0.125 H0
downstream of the centerline of the lead row. For this test,

the discharge coefficients for the leading and the trailing rows
were 0.744 and 0.756, respectively. The measured theta distribu-
tions for Test No. i0 are shown in Figure 26. At X/H 0 = 0.25,

the lead row of jets penetrate to about 40 percent of the duct

height while the trailing row of jets penetrate to about 20 per-
cent of the duct height. Since the centerplanes of the two rows

of jets do not coincide, the effect of the downstream row of jets
is primarily to improve the jet mixing in the transverse direc-
tion. At the far downstream stations (X/H 0 _i.0), the measured

temperature field for this test is very similar to the equivalent
single row (Figure 12, Reference 6) and the in-line double row of
jets (Figure 16). The effects of the downstream row of jets are
confined to the near-injection locations (X/H 0 <I)_
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The predicted results for Test No. i0 are presented in Fig-
ure 27. The empirical model predictions are obtained by superim-

posing the temperature fields due to each individual row of jets.
In the regions close to the jet injection plane, the empirical
model underestimates the jet penetration. At X/H0 = 0.25 and

0.5, the measured centerplane theta profiles do not exhibit
Gaussian characteristics. At these stations, the empirical model

predictions do not correlate well with the data. In the down-
stream stations, the data show a Gaussian centerplane profile,

and the empirical model predictions also show good comparison
with the data.

Figure 28 shows the measured theta distributions for Test
No. Ii with orifice Plate M-5, having J = 26.79 for the leading

row and J = 26.63 for the trailing row of smaller jets. The dis-

charge coefficients for the leading and trailing rows are 0.685
and 0.698, respectively. At X/H0 = 0.25, the leading row of jets

penetrate to about 55 percent of the duct height and penetration
of the trailing jets is approximately 0.35 H0. These values are

comparable to those of single rows of jets with orifice plates
01/03/06 (S/D = 2.83, H0/D = 5.66), (Reference 7, Figure 123)
and 01/02/08 (S/D = 2, H0/D = 8), (Reference 6, Figure 20),

respectively. This suggests that the jet penetrations are not
significantly influenced by axial staging in this orifice config-
uration. Because of the differences in jet penetrations, the

mixing in the vertical direction is enhanced, especially in the
regions close to the jet injection station (X/H 0 _0.5). At the
downstream stations, the temperature field is very similar to

those for equivalent single row (Figure 50) or two rows of in-

line jets (Figure 18).

The temperature field calculated from the empirical model
for Test No. ii is presented in Figure 29. At X/H0 = 0.25, the
data show a non-Gaussian centerplane profile, where the empirical

model is in poor agreement with the data. At this station, the
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model underestimates the jet penetrations due to superposition of

the axially-stage injections. At the downstream locations, the
model predictions are in good agreement with the data. At these
stations, the data also exhibit Gaussian-like centerplane pro-

files. The good correlation between the empirical model and the

data beyond X/H0 = 0.5 clearly demonstrates the usefulness of the
model for designing combustor dilution zones with multiple rows

of jets.

Figure 30 illustrates the measured temperature fields for
Test No. 12 with orifice plate M-5 at J = 106.3 for the leading
row and J = 106.4 for the trailing row of jets. The discharge

coefficients for the leading and trailing rows for this test case
are 0.651 and 0.685, respectively. The equilibrium theta value
for this test case is 0.5004. In this test case, the total jet

flow rate is nearly equal to the mainstream flow rate, which is

not typical for the dilution zone. This momentum flux rate could
be expected to cause overpenetration of the lead row, but, is

optimum for the trailing row. At this momentum flux ratio, the
lead row of jets should nominally impinge on the bottom wall at

X/H0 = 0.25 and the trailing row of jets should penetrate to the
middle of the duct (Figure 22 of Reference 6 and Figure 20).
But, the data for Test No. ii show significant suppression of the

jet penetrations of both the rows of jets. Such suppression
seems to arise only when the nominal jet penetration for each row
is about 50 percent of the duct height or greater. This could

provide a minimum value of the vortex strength required for sup-

pression of jet penetrations. At X/H 0 = 0.5, the leading row of
jets impinge on the bottom wall. Beyond that station, the mixing
of jets with the mainstream is enhanced. In addition, the mixing
in the vertical direction is slightly improved because of the
interaction of the vortices created by the two rows of jets. The

temperature fields for this test case show overall similarity to
those of equivalent single row of jets (Figure 48) or two rows of

in-line jets (Figure 21).
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The temperature distributions calculated from the empirical
model for Test No. 12 are presented in Figure 31. At

X/H0 = 0.25, the empirical model underpredicts the lead row jet
penetration, but, overestimates the jet penetration of the trail-
ing row for this test case. At the downstream regions, the model

predictions correlate well with the data.

In all of these test cases performed with Plate M-5, the

effects of the mixing characteristics are dominated by the lead-

ing row of jets. The influence of the downstream row is confined
mostly to the regions near the jet injection plane (X/H 0 _0.5).

5.1.1 Test Series 9 Conclusions

The tests in Series 9 were performed with constant cross-

sectional area ducts, and uniform mainstream temperature. A

total of 5 different orifice plates were tested in this series.

They included discrete streamlined and bluff slots, and axially-

staged jets with in-line staggered and dissimilar configuration.

The tests with double rows of jets had equal momentum flux

ratios. The NASA/Garrett empirical model was extended to these

test configurations and the model predictions were compared with

the test data. The following conclusions were made from these

efforts:

o The jet penetrations of streamlined slots are slightly

deeper than the equivalent circular jets in the region

near the injection plane (X/H 0 <I). Farther down-

stream, the temperature field for streamlined slots and

equivalent circular holes at constant momentum flux

ratio, are very similar.

o The jet penetrations for bluff slots are slightly less,

than for equivalent circular holes and streamlined

slots. For X/H 0 <i, the bluff slots produce a more
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two-dimensional temperature field than the streamlined
slots. Farther downstream, the streamlined and bluff

slot configurations, and the circular holes, produce

very similar temperature distributions.

o The temperature distributions for double row of in-line

jets are very similar to those for single row of jets
with the same S/H0. The development of temperature
profile shape is dominated by the lead row. But, the
interaction of the vortices generated by the two rows

of jets, tends to suppress the penetrations of the jets
in the lead row.

o For double row of staggered jets, the lead row has a
dominant influence on the temperature profile develop-

ment. In this case, the penetration of the jets in the

trailing row is suppressed by the vortex field of the
lead row. These effects are predominant in the near

field (X/H 0 <i). At the downstream stations, the tem-
perature fields from double row of staggered jets are
similar to those from equivalent single row or double

row of in-line jets.

o In the case of a double row of dissimilar jets (Plate

M-5), the lead row has a dominant influence on the tem-

perature profile development. In cases, where the
trailing row of jets penetrated near mid-channel, the
lead row jet penetrations were suppressed. Further-
more, because of the differences in the jet penetra-
tions and orifice configurations of the two rows, the

jet mixing in the vertical (or radial) direction is
enhanced with this orifice plate. However, in the far

field (X/H 0 _i.0), the temperature field produced by
this orifice configuration is similar to those of equi-
valent single row of holes or double row of in-line

jets.
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o The NASA/Garrett empirical model (Reference 7) was
modified to include the effects of aspect ratio on the

jet mixing characteristics for predicting the tempera-
ture fields due to discrete slots. The modified model

predicts the temperature field due to streamlined slots
within first order accuracy. For the case of bluff
slots, this empirical model gives inferior agreement
with the data. Additional work is needed to improve
the correlation between the model results and the test

data.

o In the test cases involving axially-staged injections,
the similarity between the temperature fields for

double row and equivalent single row suggests that
superposition of the temperature fields, due to each
individual row of jets, could predict the combined
field within first order accuracy. This hypothesis is

used in developing the empirical model for multiple
rows of injections. The empirical model gives good
correlation with the data, especially in the far field

(X/H 0 _i.0). In the regions closer to the jet injec-
tion plane, the data show non-Gaussian profiles, which
cannot be predicted by the model. However, the empiri-

cal model provides a very valuable tool for designing
the gas turbine combustor dilution zone configurations.
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5.2 Series i0 Tests

The objective of this test series was to investigate orifice

configurations that were not tested in the earlier test series,

and to extend the applicability of the empirical models to wider

range of flow conditions. In this test series, a total of 10

tests were performed. The first five tests were performed with

double rows of jets having unbalanced momentum flux ratios.

These tests were performed primarily for validating and verifying

the accuracy of the empirical model. The next three tests were

performed using discrete slots angled at 45 degrees to the main-

stream. The final two tests were performed to obtain data base

on the equivalent area single row of holes with S/D = 2 and

H0/D = 4 (Plate A). The geometrical orifice description and nom-

inal flow conditions for these tests are listed in Table 3.

Test No. 13 was performed using the double row of dissimilar

holes, orifice Plate M-5, with J = 26.2 for the lead row of jets

(S/D = 2.83, H0/D = 5.66) and J = 6.36 for the trailing row of

jets (S/D = 2, H0/D = 8). For this test case, the discharge

coefficients of the leading and trailing rows were 0.683 and

0.756, respectively. The equilibrium theta value for this test

case is 0.2820. One of the objectives of this test is to verify

the dominant influence of the larger sized lead row of jets on

the temperature profile development. The measured temperature

field for Test No. 13 is presented in Figure 32. At X/H 0 = 0.25,

the leading row of larger jets penetrate to about 60 percent of

the duct height, while the trailing row of jets penetrate to

about 20 percent of the duct height. Comparing this to the data

for Test No. ii (Figure 28) which used the same orifice plate

(having balanced momentum flux ratios for two rows), it is appar-

ent that because of the large differences in the jet penetra-

tions, the interaction between the leading and the trailing rows

of jets is minimal. However, as the trailing jets penetrate

deeper at downstream locations, jet mixing is enhanced. Beyond
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TABLE 3. SERIES i0 TEST CONFIGURATIONS AND FLOW CONDITIONS

Mainstream I Fore Dilution Jet

OrDf_ce Mass Flow %emp Velocity Mass Flow a _o Temp Velocity

, _est OriEice i S Rate CT(MoaKi)nl (Main) Rate Flux _ _ CVJF
No_ Plate _zml H o IKG/Sl (m/s_ CKG/Sl JF (MJS_

13 M-5 1.80 0.5 0.2657 672.0

1.27 0.25

14 M-5 1.80 0.5 0.2650 666.3

1.27 0.25

15 M-5 1.80 0.5 0.2655 660.0

1.27 0.25

16 M-6 1o27 0.25 0.2670 656.6

1.80 0.5

17 M-6 1.27 0.25 0.2671 663.8

1.80 0.5

18 M-7 2.54 0.5 0.2666 684.2

19 M-7 2.54 0.5 0.2672 675.5

20 M-7 2.54 0.5 0.2672 637.4

2i A 2.54 0.5 0.2574 629.1

22 A 2.54 0.5 0.2663 668.5

17.0 0.06769 26.20 310.1 58.5 0.683 0.03663 6.36

16.8 0.1338 106.5 304.5 113.0 0.650 0.03662 6.48

16.7 0.1329 106.3 305.8 112.9 0.650 0.06941 26.37

16.7 0.1401 106.8 306.7 I14.4 0.685 0.03726 6.46

16.9 0.1414 106.8 305.1 i14.8 0.685 0.07057 26.49

17.4 0.07156 6°64 316.3 30.4 0.719

17.2 0.1358 27.13 314.5 60.5 0.662

16.2 0.2532 i06.2 307.8 112.0 0.630

15.3 0,2929 103.2 307.0 104.3 0.764

16.9 0.1515 26.24 312.7 58.6 0.765

Aft Dilution Jet

i........I I iMass Flow Flux Temp Velocit_

Rate Ratio (TJA) (VjA)

(CD) F (KG/S) JA (OK) (M/S) (CD) A

510,9 29.1 0.756

312.5 29.2 0.756

302.3 57.6 0.700

290.6 28.2 0.744

297.3 57.9 0.695

Regions of MeaSurement

Equilibrium Axial

Theta Direction

(THEB) X/H 0

0.2821 O.25 - 2.O

O.3930 O.25 - 2.O

0.4318 O.25 - 2.O

O.3939 O.25 - 2.O

• O.44O9 O.25 - 2.O

0.2116 O.25 - 2.0

O.3336 O.25 - 2.O

0.4865 O.25 - 2.0

O.5322 O.25 - 2.O

O.3626 0°25 - 2.O

Transverse

Direction

(Z/S)

-0.5 to +0.5

-0.5 to +0.3

-O.5 to +0.5

-0.5 to +0.5

-0.5 to +0.5

-0.5 to +0.5

-0.5 to +0.5

-0.5 to +0.5

-0.5 to +0.5

-0.5 to +0.5

t_J

0%



X/H 0 = i, the temperature fields for Test No. 13 and Test No. 12

are very similar. This implies that the leading row dominates

the temperature field development, and that the increasing mass

flows through the downstream row of holes does not make appre-

ciable difference in the far field temperature distributions.

The predicted temperature distributions for Test No. 13 are

shown in Figure 33. At X/H 0 = 0.25 and 0.5, the predicted cen-

terplane profiles show poor agreement with the data. But, at the

downstream stations, the two profiles are in very good agreement.

These results demonstrate the validity of the superposition

scheme, even for unbalanced momentum flux ratios_

Figure 34 provides the measured temperature distributions

for Test No. 14, using orifice plate M-5, with J = 106.5 for the

lead row and J = 6.48 for the trailing row of jets. The dis-

charge coefficients for the two rows are 0.650 and 0.756, respec-

tively, in this test case. The equilibrium theta value for Test

No. 14 is 0.3998. At X/H 0 = 0.25, the leading row of jets over-

penetrate to the bottom wall of the test section, while the

trailing jet penetration is suppressed at i0 percent of the duct

height. At the downstream stations, the mixing is dominated by

the lead row of jets and produce completely mixed temperature

distributions beyond X/H0= 1.0. These profiles are similar to

those obtained in Test No. 12 (Figure 30) in which both rows of

jets had high-momentum flux ratios.

The predicted temperature distributions for Test No. 14 are

shown in Figure 35. At X/H 0 = 0.25 and 0.5, the empirical model

predicts suppression of jet penetrations for the lead row, while

the data does not show such characteristics. Consequently, at

those stations, the predictions are in poor agreement with the

data. However, beyond X/H 0 = 1.0, the model predictions corre-

late well with the data. In the regions between X/H 0 = 0.25 and

0.5, the data show non-Gaussian profiles, where the empirical

model is not expected to be accurate.
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Figure 36 illustrates the measured temperature distributions
for Test No. 15, using orifice Plate M-5 with J = 106.3 for the
lead row and J = 26.37 for the trailing row. The discharge coef-

ficients for these two rows are 0.685 and 0.695, respectively.
These temperature profiles are very similar to those obtained in

Test No. 14 (Figure 34). Thus, the addition of mass flow in the
downstream row has influenced only the near field (X/H 0 _ 0.5)

temperature distributions.

The predicted results for Test No. 15 are presented in Fig-

ure 37. In the regions X/H 0 _ 0.5, the data show non-Gaussian
profiles, and hence tbe empirical model does not correlate well
with the data. At the downstream stations, the predicted temper-
ature field is within first order accurracy.

The last three test cases have demonstrated that the leading
row of jets clearly dominate the jet mixing characteristics. In

these test cases, the leading row also contains the larger diam-

eter jets. At constant momentum flux ratio, the larger diameter
holes will dominate the mixing characteristics. In order to
delineate the effects of hole diameter and the axial staging, the

following two test cases were performed by reversing the order of
the dissimilar rows of jets in Plate M-5. This orifice plate is

designated as M-6. In orifice Plate M-6, the lead row has 12
circular holes with D = 1.27 cm, S/D = 2 and H0/D = 8, while the

trailing row contains 6 circular holes with D = 1.83 cm, S/D =

2.83 and H0/D = 5.66. The two test cases performed using orifice

Plate M-6 had unbalanced momentum flux ratios.

Test No. 16 was performed using orifice Plate M-6, with J =

106.8 for the leading row and J =6.46 for the larger trailing row

of jets. The equilibrium theta values for this test case was

0.3939. The measured temperature distributions for Test No. 16

are presented in Figure 38. At X/H 0 = 0.25, the leading row of

jets with J = 106.8 penetrate to the middle of the duct, while
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the trailing jets with J =6.46 penetrate to about 30 percent of
the duct height. These penetrations were also obtained for the
corresponding single row of jets based upon Phase I and Phase II
test data. This implies little suppression of jet penetration at
this location. However, at the downstream stations, the center-

plane penetration of the trailing row of jets is suppressed by
the vortex field produced by the lead row of jets. The tempera-

ture distributions beyond X/H0 = 0.5 are very similar to those
produced by orifice Plate 01/02/08 (Figure 22, Reference 6).
These profiles are quite different from those shown for Plate M-5

(Figure 34) for comparable mass and momentum flux ratios. Thus,
the mixing characteristics in Test No. 16 are dominated by the
leading row of jets, even though they have smaller diameters.

The temperature distributions calculated from the empirical
model for Test No. 16 a_e shown in Figure 39. In the empirical

model, the temperature distributions are obtained by super-impos-

ing the temperature field due to each individual row of jets at
the appropriate momentum flux ratio and transverse plane. As
observed in the earlier tests cases, the superposition scheme

correctly predicts the jet penentrations in regions close to the
injection plane. However, beyond X/H = 0.5, the empirical model

predicts the temperature field within first order accurracy.

Test No. 17 was performed using orifice Plate M-6 with J =
106.8 for the lead row of jets and J = 26.49 for the trailing
row. Note that the momentum flux ratios of the lead and the

trailing rows are optimum for each of the two individual rows.
The discharge coefficients for these two rows in this test case
were, 0.685 and 0.695, respectively. The measured theta distri-
butions for this case are shown in Figure 40. These distribu-
tions are very similar to those observed in Test No. 16 (Figure

38). In the case where the leading and trailing rows are
reversed (Test NO. 15), the measured temperature profiles (Figure

36) were significantly different. This test case, once again,
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demonstrates the dominance of the lead row regardless of the jet
diameters.

The empirical model predictions for Test No. 17 are shown in
Figure 41. In this test case, the suppression of jet penetration
is not significant since both leading and trailing rows of jets

penetrate to the middle of the duct. The centerplane profiles
shown in Figures 39 and 41 correspond to the centerplanes of the

larger, downstream holes. This was done primarily to compare
with the results for Plate M-5. The empirical model slightly
underestimates the peak theta values at X/H0 = 0.25, but gives

first order agreement with the data at the downstream stations.
The empirical model also predicts the dominance of the lead row
of jets regardless of the size of the jets.

The following three test cases were performed using 45-
degree slanted slots, Plate M-7 (see Figure 4). The tests per-

formed with streamlined and bluff slots showed temperature dis-

tributions that are very similar to those of equivalent circular

holes. The vortex pair generated by the streamlined and bluff

slots are symmetric with respect to the mainstream direction. In

the case of angled slots, the vortex pair need not be symmetric.

Furthermore, the angled slots could produce characteristics very

similar to axialy-staged offset jet arrangement, when the axial

separation distance is small. Considering all these aspects, it

was decided to investigate the mixing characteristics of the 45-

degree slots as a part of the Series i0 test program.

The 45-degree slots have the same geometric area as the

streamlined or bluff slots with the ratio of total jet area to

mainstream area of 0.098. For the 45-degree slot, the streamwide

length and the frontal width are equal, hence, the aspect ratio

is 1.0.
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Test No. 18 was performed using orifice Plate M-7 (45-degree

slot) with J = 6.64. The equilibrium theta value for this test
case was 0.2116. The measured temperature field for this test

case is presented in Figure 42. The data clearly shows that for
the 45-degree slot, the centerplane location also shifts in the
transverse direction. The theta contours also show rotation
about the slot centerline, as is evident in the rotated kidney-

shaped theta isopleths. This rotation suggests that the vortex
closer to the upper wall (which originated from the trailing edge
of the 45-degree slot) is stronger than the lower vortex. These
characteristics are dominant only at X/H0 = 0.25 and 0.5. Beyond

that station, the temperature field for 45-degree slot is very
similar to those of streamlined slots at the low-momentum flux

ratio.

The temperature distributions calculated from the empirical
model for Test No. 18 are presented in Figure 43. The empirical
model accounts for the centerplane shift with downstream dis-

tance, but, it does not account for the rotation of the theta con-

tours caused by the differences in the strengths of the vortex
pair associated with each slot. The centerplane shift is a func-
tion of the slot angle, momentum flux ratio, and the downstream
distance. The empirical correlation was modified to account for
these effects. Details of these modifications are provided in

Section 6.1. The predicted centerplane temperature profiles and

the jet penetrations are in good agreement with the data. The
empirical model slightly underestimates the transverse mixing
rate.

Figure 44 shows the measured temperature distributions for
Test No. 19 using orifice Plate M-7 (45-degree slot) with J =
27.13. The equilibrium theta value for this test case was
0.3336. For this test case, the centerplane shift is faster than
that at lower-momentum flux ratio. This illustrates the effect
of a momentum flux ratio on the lateral shift. However, the
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amount of rotation of the contours is nearly the same. This
rotation is primarily due to the differential vortex strength

originating from the leading and trailing edges, which is a func-
tion only of the slot length and the angle. The jet penetration

and mixing rates at this momentum flux ratio are less than those
of streamlined or bluff slots. This suggests that there is no
inherent advantage in using this orifice configuration.

The temperature distributions obtained from the empirical
model for Test No. 19 are presented in Figure 45. The empirical

model correctly predicts the jet penetration and the centerplane
shift. The model, however, overestimates the mixing in the
transverse direction and underestimates the mixing in the verti-

cal direction. The overall accuracy of the model is within
engineering needs.

Figure 46 presents the measured temperature field for Test

No. 20, using orifice Plate M-7 with J = 106.18. The equilibrium
theta value for this case was 0.4865. At the first measurement

station (X/H 0 = 0.25), the centerplane shifts very close to the
midplane. Because of the presence of the test section end walls,
and the cyclic symmetry requirements, the centerplanes cannot

shift past the midplane. The jet penetration in this case is
significantly less than that for bluff slots or equivalent area
circular holes (Figures 14 and 48). The mixing in the transverse
direction with 45-degree slots is slower than other equivalent

dilution jet configurations.

The temperature field calculated from the empirical model

for Test No. 20 is shown in Figure 47. Although the empirical
model correctly predicts the centerplane shift, the jet penetra-

tion and mixing in the transverse direction are overestimated.
The jet mixing in the vertical direction is underpredicted by the
model. The overall agreement between the data and model predic-

tions for this case is poor.
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The last three test cases demonstrate that the performance

of the 45-degree slot is inferior to the equivalent circular
holes, streamlined, or bluff slots. The 45°-degree slot can be

considered equivalent to closely spaced, axially-staged rows of
jets, with a small lateral offset. Thus, the data for 45-degree
slots and other double row configurations studied in this Phase,
show that when the axial separation between rows is too small,

the mixing is inhibited due to the asymmetry in the vortex

strengths generated by each jet.

At the end of Series 9 test, it was recognized that it would

be beneficial to obtain data for orifice plate 01/02/04 (Plate A)

at moderate and high-momentum flux ratios to provide a baseline

comparison for the discrete and continuous slots with a compar-
able geometric area. The last two tests in this program area
were made using orifice plate 01/02/04 (Plate A) with orifice
diameter of 2.54 cm, S/D = 2.0 and H0/D = 4.0.

Test No. 21 was performed using Plate A with J = 103.2. The

equilibrium theta value in this test was 0.5322. The measured

temperature distributions for Test No. 21 are presented in Figure

48. At X/H 0 = 0.25, the jets penetrate to about 80 percent of

the duct height. At X/H 0 = 0.5, they penetrate to the bottom

wall followed by rapid mixing in the transverse direction.

Because of the overpenetration of jets, the entrainment of the

mainstream is slower near the injection wall (top wall) than near

the jet centerline. Consequently, the temperatures in the wake

region of the jets are higher (lower theta value) than near the

bottom wall. At X/H 0 = 2.0, the theta values approach equilib-

rium theta.

The empirical model predictions for Test No. 21 are pre-

sented in Figure 49. The model accurately predicts the jet pene-

tration and the transverse mixing, but slightly underestimates
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the mixing in the vertical direction. The overall correlation
between the data and the empirical model predictions is good.

As pointed out earlier, the circular holes have very similar
mixing characteristics a_3 the bluff slots at the high-momentum
flux ratios. The mixing rates with these orifices are faster

than those with 45-degree slots. The circular jets in Test No.
20 also have characteristics similar to those observed with

double rows of jets (Figures 20 and 30).

While evaluating the Phase I and Phase II tests, it was dis-

covered that the values of the momentum flux ratios quoted for
some of these tests are incorrect. In particular, the momentum
flux ratio for Test No. 2 in Phase I, using Flate A was 18.5
instead of 21.6 as reported. The correct values of momentum flux

ratios for all these test cases are provided in Appendix A.
Since several of the tests conducted in this program were com-
pared with the data for orifice plate 01/02/04 at J = 26.4 it was
deemed essential to obtain accurate data at this test condition.

Test No. 22 was performed to collect data at this condition.

Figure 50 provides the measured temperature distributions
for Test No. 22, using orifice plate A at J = 26.24. The equili-
brium theta value for this test case was 0.3626. This means that

the ratio of jet to total mass flow rate was 0.3626. At
X/H0 = 0.25, the jet penetration is about 60 percent of the duct
height. At the downstream stations, the jets penetrate deeper

and reach the bottom wall of the duct at X/H0 = 1.0. Beyond that
point, the mixing is enhanced in the transverse direction and the
jets are in fully mixed conditions at X/H0 = 2.0. The jet pene-

tration and mixing characteristics of Plate A are similar to
those of streamlined or bluff slots, and other equivalent double
row of jets.
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Figure 51 shows the empirical model results for Test No. 22°
The empirical model slightly underestimates the jet penetration
and the mixing in the vertical direction. Both model prediction
and data show fully mixed distributions at X/E0 =2.0. The over-

all accuracy of model predictions is good.

5.2.1 Test Series i0 Conclusions

All the tests in Series i0 were performed in a constant area

duct with an isothermal mainstream. A total of 10 tests were

performed in this test series. The first 5 tests were performed

using double row of dissimilar orifices with mis-matched momentum

flux ratios. The next 3 tests were made using 45-degree slots

and the final 2 tests were performed to increase the data base on

single row of jets (orifice plate 01/02/04). The NASA/Garrett

correlations were used to obtain predicitons for all these test

cases. The following conclusions were made from these efforts:

o The jet penetrations and mixing characteristics are

dominated by the lead row of jets. The size of the

trailing row of jets have little influence on the tem-

perature field beyond X/H 0 = 0.5.

o The temperature field with orifice plate M-5

(S/D = 2.83, H0/D = 5.66 in the lead row) is very simi-

lar to those obtained from single row of equivalent

area jets with S/H 0 = 0.5.

o The temperature field with orifice plate M-6

(S/D = 2.0, H0/D = 8.0 in the lead row) is very similar

to those obtained from orifice plate 01/02/08 (S/D = 2,

H0/D = 8) at comparable momentum flux ratio.

o The jet penetration and mixing rates for 45-degree

slots are lower than those of streamlined or bluff
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slots, or equivalent area single row of circular holes.
The 45-degree slot can be considered equivalent to

closely spaced axially-staged row of jets with a small
lateral offset. Thus, the jet penetrations with off-
set double row of holes are reduced when axial spacing
between the rows are reduced.

o The skewed vortex field generated by the 45-degree
slots shifts the jet centerplanes in the direction of
the slot and also rotates the temperature contours.

o The NASA/Garrett empirical model accurately predicted
the temperature fields in cases with mis-matched momen-
tum flux ratios. This supports the validity of the

superposition scheme adopted in the model.

o The empirical model accurately predicts the lateral
shift of centerplanes for 45-degree slots, but does not
account for the rotation of the theta contours. Addi-

tional model improvements are needed to account for

these effects. Despite these differences, the empiri-
cal model is a useful, first order accurate design
tool.
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6.0 JET MIXING CORRELATIONDEVELOPMENT

The design of the dilution zone in gas turbine combustors
forms only a part of the overall combustion system development.
The combustor designer has to ensure the performance and durabil-

ity of the combustor pricr to designing or redesigning the dilu-
tion zone. As a result of this, the combustor designer often
encounters a situation where, most of the development time is

spent on meeting the performance and durability of the system and
very little development time is available for dilution zone

design. Yet, the dilution zone has a major impact on the dura-
bility and performance of the turbine section. To meet the tur-
bine inlet profile quality requirements, the only recource avail-
able to the designer is to modify the dilution zone configuration

without impacting the combustor primary zone performance. For
such circumstances, it is desirable to have empirical models for

characterizing the combustor exit temperature profile quality, as
functions of dilution zone geometric and flow parameters.

Motivated by these requirements, empirical models have been

developed (References 3, 4, 6, and 7) for applications to combus-
tor dilution zones. These models are limited within the geomet-

rical and flow parameters of the generating experiments and must
be used with caution outside the range of their applicability.

Among these models, the correlations developed by Holdeman, et al
(Reference 4) are useful and powerful tool for designing the
dilution zone of practical combustors. The correlations obtained
in Reference 4 were applicable to a single-sided row of jets

injected into a confined cross flow. These correlations have
been used to identify and optimize the major geometrical and flow

parameters for single-sided injection of jets into a confined

cross flow. A review of the measured effects of momentum flux

ratio, mainstream temperature profile, flow area convergence, and

configurations of opposed jet injections are provided in Refer-

ence 6.
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These correlations were extended to the two-sided row of

jets injected into a confined cross flow, in Reference 7. These
extensions have provided a valuable design methodology applicable
to practical combustion systems. These correlations are applica-

ble only to single row of circular jets. However, many practical
gas turbine combustion systems employ multiple rows of dilution

jets, and non-circular orifices. The empirical correlations
available in the literature cannot predict the mixing character-
istics of such dilution zone configurations.

The effects of orifice shapes, axial staging, and other com-
plexities can be treated through the use of multi-dimensional
Navier-Stokes solutions. Such techniques (References Ii, 12) are

rapidly improving in accuracy and efficiency due to advances in

computational fluid dynamics. These models are in a develop-
mental stage and need extensive validation efforts. The multi-
dimensional models are time consuming and are not cost-effective
for the combustor designer at present.

In the present program, a data base was generated for
multiple rows of jets and for a row of non-circular jets injected
into a confined cross flow. Preliminary investigation of the

data for multiple rows of jets indicated that superposition of
the temperature field, due to each individual row of jets, could

predict the temperature field due to multiple rows. This
approach was adopted in developing correlations for multiple
rows. The empirical relations for non-circular jets were

obtained by further modifying the NASA/Garrett correlations
developed in Reference 7. The correlations developed in Phase
III efforts are described in Paragraph 6.1.
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6.1 NASA/Garrett Correlations for Mixing Multiple Rows and

Non-Circular Jets in a Confined Cross Flow

The correlations developed in this phase use the same nomen-

clatures as those employed in Reference 7. These empirical

expressions are applicable to axially-staged injections or to a

row of non-circular jets. Paragraph 6.1.1 describes the empiri-

cal model for predicting mixing characteristics of multiple rows

of jets. Paragraph 6.1.2 provides a description of the model for

non-circular row of jets injected into a confined cross flow. In

these correlations, the subscript "F" refers to the front row of

jets and the subscript "A" refers to the aft row of jets.

6.1.1 Empirical Model for Mixinq of Double Row of Dilution Jets

in a Confined Cross Flow

The parameter used to describe the temperature distribution

is the nondimensional temperature difference, theta (8), defined

T m - T
e - (i)

T m - Tj

as

where:

Theta, nondimensional temperature difference at a

point in the flow field

Tm

Tj

T

Mainstream stagnation temperature

jet stagnation temperature

stagnation temperature at a point

field

in the flow
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Theta is a measure of the temperature suppression in the flow

field. The value of theta can vary from one, when measured tem-
perature equals the jet temperature, to zero, when the measured
temperature equals the main stream temperature. The largest

values of theta in any profile correspond to the coolest regions
of the flow.

If complete mixing of the jet and mainstream flow occurs,
the value of theta will be constant and the temperature will be

everywhere equal to the ideal equilbrium temperature between jet
and mainstream. Thus,

Tm- TEB

8EB = (2)

Tm- Tj

where:

8EB is the ideal equilibrium theta.

mjF TjF + mjA TjA + ms Tm

TEB = mjF + mjA + ms

(3)

T - TF T m - T A
Let 8F _ m , 8A - (4)

T m - Tj T m - Tj

where T F and T A are the local temperature due to front or aft

injections only.

Assumption: Let T be the actual local temperature due to both

front and aft injections.

Then,
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T - Tm

Tm - Tj

I 1- + m eF
mm + mjF JA

+ \m m + mjF + mjA!

(5)

In this equation, 8 F and 8A are obtained from the empirical

model by using appropriate equilibrium temperatures. For the

front and the aft jets, TEB is obtained from

m m T m +

(T B) = 1 ms
E F _ + mjF /

= mm + JA _

E A 1 - -

mm + mjA

(6)

(7)

The empirical model for the three-dimensional flow is ex-

pressed in nondimensionalized self-similar form as:

8 = 8± + (8 c - 8±min ) exp inmin ± (8)
Wl/2

This expression is applicable to both front and aft injec-

tions. In this equation, 8c, 8±min, Yc, and W±I/2 are scaling

parameters as shown in Figure 52. 8 c is the maximum temperature

difference ratio in the radial (vertical) profile, and Yc repre-

sents the position of minimum temperature (or maximum theta).

Here, 8+min and 8-mi n are the minimum dimensionless temperature

difference beyond and before the jet centerline, respectively.
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The correlations describe the scaling parameters as func-

tions of independent variables J, S/D, Heq/D, X/Heq, and Z/S.
The scaling parameters are nondimensionalized by using the effec-

tive jet diameter, Dj = D c/c-d. Here, Heq is the equivalent duct
height at the jet injection plane. For double row of jets, the
jet injection plane is the plane midway between the two rows.

Correlations for Predicting Centerplane Temperature Profiles:

(A) Jet Centerline Trajectory

\ j I

where,

a I = Min •3575 + He '

Centerline Temperature Difference Ratio:(s)

(9)

@c,o 8EB + - 8E 2
(i0)

where,

f

-eq

(ii)

e 2 = 1 + S/Heq

Here : (Tm- ?EB_

' 8EB _ T m - Tj / mmTm .+TEB = mm

m. T.

3F 3F + mjA Tj A

+ + m.
mjp 3A

(12)
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(C) Centerplane Half Width

(13)

W /2 _ 0.20 J

Dj

Note WI/2 is doubled for opposed in-line injections.

(14)

(D) Minimum Centerplane Temperature Difference Ratio

@+. +

mln _ 1 - e -c

@c,o

(15)

where,

+
c = e3 ji.62 131 1.5

_3 = 0.038

The above modification ensures that when the jets penetrate

close to Heq, the Gaussian curve for the positive part of the

theta profile (Figure 52) approaches a nearly flat profile. Fur-

thermore, when the jets penetrate close to Heq, the test data

shows that the value of 8-mi n also approaches the value of 8c, o.

This characteristic is modeled by the following expression:

m

8min

8c,o

where,

m

-C

= 1 - e (18)
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C = C
0

c = CoQ if

if + _ . <-

J/

j + Dj / Dj

C O = 1.57 j-0.3 (_3S.) -1.4

[0O=ex, .'-__J

H
eq

D.
3

(19)

(20)

(E) Off-Centerplane Penetration

Yc,Z = 1 - e -g

Yc,o

(21)

where,

0.54

(22)

e 4 = 0.227

(F) Off-Centerplane Maximum Temperature Difference Ratio

A) 2 -d
0c'Z - i - e

ec,o

where,

0.53

d = a 5 J

0.83

(23)

(24)

a 5 = 0.452
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Furthermore,
e± 8 ±
min,z _ mln,o

8c,z 8c,o

(25)

For obtaining 8 F or 8A in equation (5), the appropriate

values of JF or JA are used in the equations (9) through (24).

From these values of @F and 8A the actual non-dimensional tem-

perature field due to the double row of jets can be obtained from

Equation 5. This approach was used in predicting the temperature

fields presented earlier in this report.

6.1.2 Empirical Model For Mixing of a Row of Non-Circular Jets

in a Confined Cross Flow

One of the orifice configurations frequently employed in gas

turbine combustion systems is discrete slots. These slots can be

streamlined, bluff, or angled with respect to the cross flow. An

important parameter characterizing such slots is the aspect

ratio, AR, which is defined as the ratio of frontal width to

streamwise length of the slot. In this phase of the program, the

aspect ratios of the streamlined and bluff slots used were 0.355

and 2.818, respectively. For the 45-degree-angled slots, the

frontal width and the streamwise length were equal, giving AR =

1.0. By the same logic, the aspect ratio for circular holes is

1.0.

A preliminary review of the test data for discrete slots

indicated that when compared with equivalent area circular holes,

the jet penetration was deeper for streamlined slots, and less

for bluff slots. Another parameter that was influenced by the

orifice shape was the peak centerplane theta value. The rest of

the scaling parameters used to define the non-dimensionalized

temperature field are not significantly influenced by the orifice

shape. Based upon these observations, the empirical model

described in paragraph 6.1.1 was modified only to change the jet

penetration (equation 9) and the centerplane temperature differ-
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ence ratio (equation i0). The influence of orifice shape was
achieved by changing the empirical constants el and _2 by the

following expressions.
V

el = MIN _.3575
[

and

/(AR)0.5 (26)

e2 = (i + _eq> (AR) (27)

These modifications have been adequate for describing the

temperature distributions for streamlined slots. For bluff

slots, these changes were adequate for predicting only the cen-

terplane temperature profiles. The empirical model requires

major modifications for predicting the distributions in the

transverse direction. Simple modifications of the existing

expressions were not sufficient to characterize the temperature

field. Development of new correlations for this orifice geometry

was deemed beyond the scope of the program.

For angled slots, the test data shows that the jet center-

plane at downstream stations, shift along the direction of the

slot centerline. This shift cannot be larger than half the ori-

fice spacing due to the presence of end walls and symmetry con-

siderations. The centerplane shift is a function of momentum

flux ratio and the downstream distance. The centerplane shift,

AZ, has been correlated by the following equation:

AZ _ Sin (_e)/s (28)
S

where,

e = Min (0.5, 8) (29)

, (30)
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and S is the orifice spacing.

From the known centerplane shift, the theta distributions

are obtained by shifting the distributions obtained from the
NASA/Garrett correlations (Equation 8) by the same amount. This
is illustrated in the sketch in Figure 53.

This procedure describes, within first order accuracy, the

temperature field for angled slots. The test data for angled
slots also indicate a rotation of the theta contours. This rota-

tion is caused by the differences in the strengths of the stag-

gered pair of vortices originating from the leading and the
trailing edges of the slots. This interaction is difficult to
analyze, and developing correlations to describe this interaction

is beyond the scope of this program.
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7.0 CONCLUSIONSANDRECOMMENDATIONS

Phase III of the NASA Dilution Jet Mixing Program was
directed towards understanding and characterizing the mixing pro-

cesses with double row of circular jets and single row of non-

circular jets, The tests performed in Phase III program provide
a valuable data base for developing and validating analytical

models. Based upon these test data, empirical models have been

developed to predict the temperature fields due to double row of
circular jets and single row of non-circular jets, when injected
into a confined heated cross flow. The following conclusions are

drawn from these tests:

o The jet penetrations of streamlined slots are slightly
deeper than the equivalent circular jets in the region

near the injection plane (X/H 0 <i). At the downstream
stations, the temperature field for streamlined slots

are very similar to those of equivalent circular holes
at constant momentum flux ratio. Equivalent circular

holes have the same geometric area and S/H0 value as

the slots.

o The jet penetrations for bluff slots are slightly less
than the equivalent circular holes or streamlined

slots. For X/H0 <i, the bluff slots produce more two-
dimensional temperature field than streamlined slots.
At downstream locations, streamlined and bluff slot

configurations and equivalent circular holes produce

very similar temperature distributions.

o The temperature distribution for a double row of in-
line jets is very similar to those of single row of

jets with the same S/H0 and geometric area. The devel-
opment of the temperature profile shape is dominated by
the lead row. But, the interactions of the vortices
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generated by the two rows of jets, tend to suppress the

jet penetrations in the lead row.

o For double row of staggered jets, the lead row has a

dominant influence on the temperature profile develop-
ment. In this case, the jet penetrations in the trail-
ing row is suppressed by the vortex field generated by
the lead row. These effects are predominant in the

near field (X/H 0 <i). At the downstream stations, the
temperature fields produced by double row of staggered

jets are similar to those of double row of in-line
jets.

o For double row of dissimilar jets (Plates M-5 and M-6),
the lead row has a dominant influence on the tempera-
ture profile development. In this case, at constant
momentum flux ratio, the jet penetrations of the lead-

ing and trailing rows are different. This creates a
vortex field which tends to enhance mixing in the ver-
tical direction. These characteristics are significant

only in the regions near the jet injection plane

(X/H 0 <i). Since the temperature distributions are domi-
nated by the lead row of jets, if the lead row has S/H0
value of 0.5 (Plate M-5), the temperature field is similar

to equivalent single row of holes with S/H0 = 0.5 at the
same momentum flux ratio. If the lead row has S/H0 value

of 0.25 (Plate M-6), the temperature distributions are
similar to those with single row of jets with

S/H0 = 0.25 at the same momentum flux ratio.

o The jet penetration and mixing rates for 45-degree
slots are lower than those of equivalent area circular

holes, streamlined, or bluff slots. The 45-degree

slots can be viewed as off-set double row of holes with

very small axial spacing between the rows.
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o

o

o

o

o

The 45-degree slots generate a skewed vortex field,

which shifts the jet centerplanes in the direction of

the slot. In addition, the vortex field rotates the

temperature contours about the axis of the slot.

The NASA/Garrett empirical model (Reference 7) was

modified to include the effects of aspect ratio of dis-

crete slots for predicting the mixing characteris-

tics. The modified model predicts the temperature

field due to streamlined slots within first order

accuracy. For bluff slots, this empirical model gives

an inferior agreement with the data. Additional work

is needed to improve the empirical model predictions.

The empirical model predictions for double row of jets

are obtained by superimposing the temperature field due

to each individual row of jets. This superposition

scheme gives good correlations with the data, espe-

cially in the regions beyond X/H 0 = 0.5. In the

regions closer to the jet injection plane, the data

shows non-Gaussian profiles, which are not predicted by

the empirical model when the jet penetrations of each

row are comparable.

The empirical model accurately predicts the lateral

shift of centerplanes for 45-degree slots, but does not

account for the rotation of the temperature contours.

The modified empirical model provides a very valuable,

first order tool for designing gas turbine combustor

dilution zones. This model can be applied to single-

sided or two sided jets, single or double rows of jets,

as well as circular and non-circular orifice configura-

tions. They are applicable over a wide range of

geometric and flow conditions observed in gas turbine

combustion systems.
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LIST OF SYMBOLS

A
AR
D

Dj

HO

H

H .Q
J

Pt

Ps

S

Sx

T

V

w½
X

Y

Test section cross-sectional area at survey plane

Aspect Ratio (frontal width/streamwide length)

Geometric orifice diameter

Effective orifice diameter

Duct height at the jet injection plane

Local duct height at the survey plane

Local equivalent channel height

Momentum flux ratio ojVj2/PmVm 2

Stagnation pressure

Static pressure

Orifice spacing

Axial spacing between two rows of jets

Temperature

Velocity

Jet Half Width

x direction, parallel to duct axis

y direction, parallel to orifice centerline (radial direc-

tion)

z direction, normal to duct axis (transverse direction)

Greek

e

P

Temperature difference ratio

Density

Subscripts,

av average

EB Equilibrium value

j Jet property

max Maximum
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LIST OF SYMBOLS

Subscripts (contd)

m

m _

A

Cross-flow property, average value

First or lead row of dilution jets

Aft row of dilution jets

Superscripts

Beyond the jet centerline

Before the jet centerline (towards jet injection wall)
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VJT -- JET VELOCITY

X

Um

COORDINATEORIGINIS LOCATEDAT CENTEROF ORIFICE

Um. Pm, Tm

Vj. P]' Ti

Ho

H

S

O

oj
ZTS

= MAINSTREAMVELOCITY.DENSITY.AND TEMPERATURE

= INITIAL JET VELOCITY,DENSITY,AND TEMPERATURE

= TEST-SECTIONHEIGHTAT INJECTIONPLANE

= TEST-SECTIONHEIGHTAT ANYX-Y PLANE

= ORIFICESPACINGALONGZ (TRANSVERS[:)DIRECTION

= ORIFICEDIAMETER

-- _/CD D

= TEST-SECTIONTRANSVERSEDIMENSION= 305rnm

Figure i. Multiple Jet Study Coordinate System and

Important Nomenclature.
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AIR SUPPLY

MAIN ORIFICE .q_ TEST SECTION
AIR SUPPLY PLATE

PLENUM

TRAVERSING

| Pt/Ps/T
RAKE

,,_ANGLE -- 0o01
i

I I"A"G'-E:_°° I_tE::::) C:::::)C:::) _ C::::)

I

I ° °o o o
I

Figure 2. Dilution Jet Mixing Rig Schematic and Orifice Plates.
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REFERENCE
" PLANE TO

ALL TEST SECTIONS

SIDEWALL
STATIC NUMBERS

,THERMOCOUPLES

55

53 /_29

51 / _28
/

49 /
/

/ T0P WALL
/ STATI C

NUMBERS

BOTTOM WALL

STATIC NUMBERS-.,_it

FLOW

39

SIDEWALL STATIC

NUMBERS

Figure 3. Wall Statics and Thermocouples in the Test Section.
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FLOW
DIRECTION

_ANGLEi O°

PLATE
CONFIGURATION

M-1
ROW 1 S/H --0.5 L/S = 0.5
Sx/H = 0 S/D = 3.64 HO/D - 7.29

I _'ANGLE = 90°

2Sx--r-l-O 0 0 0 0 0
0 iO 0 0 0

M-2
ROW 1 S/H = 0.5 L/S = 0.5
Sx/H = 0 S/D = 3.64 HO/D = 7.29

M-3
ROW 1 S/H = 0.5 L/S = 0
Sx/H = -0.25 S/D = 2.83 HO/D = 5.66
ROW2 S/H = 0.5 L/S = 0
Sx/H = 0.25 S/D = 2.83 HO/D = 5.66

0 o0 0

M-4
ROW 1 S/H = 1 L/S = 0
Sx/H = -0.25 S/9 = 4 HO/D -- 4
ROW 2 S/H = 1 L/S = 0
Sx/H = 0.25 S/0 = 4 HO/D = 4

Io%o%0%o%0%
M-5
ROW 1 S/H = 0.5 L/S = 0
Sx/H = -0.12 S/0 = 2.83 HO/D =5.66
ROW2 S/H = 0.25 L/S = O
Sx/H = 0.13 S/D = 2 HO/D = 8

!OoOoooOoOoooOoODo01
M-6
ROW 1 S/I] = 0.25 L/S = 0
Sx/H ---0.12 S/D = 2 HO/D = 8
ROW 2 S/H = 0.5 L/S = 0
Sx/H = 0.13 S/D = 2.83 HO/D = 5.55

M-7
ROW 1 S/H = 0.5 L/S = 0.5
Sx/H = 0 S/D = 3.64 HO/D = 7.29

Figure 4. Dilution Orifice Plate Configurations.
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Figure 6. X-Y-Z Actuator with the Rake Mounted Thereon.
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Figure 7. Jet Mixing Rig as Viewed from Rig Discharge End.





MEASURED THETR PROFILES FOR TEST NO 1.TEST SECTION I.STRERMLINED SLOTS , J = 6.60 • SID = 2.00 , HID = 4.00

CONTOUR I 2 3 4 5 0 7 8 9 10 11

VALUE 0,0500 0,1000 0-1500 0.2000 0-0210 0.3000 0.3500 0.4000 0.4500 0-5000 0-0000

o o a.o a.o I o.a

NERSUREO THETR CONTOURS FOR TEST NO _. S.L. SLOTS* JrO.60, 810=2.00, HID=4.00

Figure 8, Measured Theta

Distribution for Test No. 1.
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CONTOURI Z 3

VRLUE 0.0500 0.1000 0.1500

4

0.2000

5 6 ? 8

0.2216 0.3000 0.3500 0.4000

_.5 T _ OIST. _S ,.5

£ 10 11

0.4500 0.5000 0.0500

PREOICTEO THETO CONTOUPS FOR TEST NO. 1. S.L.SLOT. J-6.50. 5/0-2.00. H/0=4.00

$/DJ - 2.29 HO/DJ -4.56 VRBTIO = 1.74 TRIqT[O = 0.460 DENRQTIO=Z.181 TMRIN 690.1 K

X/. - 0.2_ X/OJ =I.L4 X/_ _ O.SO xmJ _.29 X/_ = _.00 X/OJ =4.6B

8

[TMRIN TI/(TMRIN-TJ) (IMRIN I)/[TfIRIN-TJI [TMRIN-T)I(TNFIIN-TJ)

TJET = 317.t K THE8 - 0.222

x/. : _.oo xloJ _,ls

i "

_TNRIN_T JiCT_!N_TJ_

COMPARISON BETWEEN DATA AND CORRELATIONS FOR TEST NO- 1, TEST SECTION I.S_L. SLOT. d = 6.SO . S/D -2-00 , HID =4.00

Figure 9. Predicted Theta

Distributions for Test NO, i.

76



s =o.c_50e METERS S/O,J = 2.3"7S HO/O,J = 4.758 VMR[N = 16.7 M/SEC ",/JET = 5B,S M/SEC TMR[N = 6eL.O K TJET = 307.3 K TH£B = 0.3447 BLORRT= '7.581 OENRRTIO=. 2.171

......
MEASURED THETA PROFILES FOR TEST NO 2,TEST SECTION I,STREAHLINED SLOTS • d = 26.4? • S/0 = 2,00 , H/O = 4.00

CONTOUR

V@LUE

o_

4_ t,5

Figure 10. Measured Theta

Distributions for Test No. 2.
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1 2 3 4 5 10

0.0500 0.1000 04500 0.2000 0.2500 0.50O0

6 7 8 O 11

0.3000 O .B447 0,4000 0.4500 0,6000

bO

olst, _ _ ols% rJ_

MEASURED THETA CONTOURS FOR TEST NO 2. S.L, SLOTS. J=26-47, 8/0=2.00. M/D=4,00



CONTOUR 1 2 3 4 5 6 7 8 0 to 11

VRLUE 0.0500 O.1OOO 0.1500 0.2000 0.2500 0.3000 0.3447 0.4000 0.4500 0.0000 0.0500

PREOICTEO THEIR CONTOURS FOR TEST NO- Z. S.L.SLOT, J=28.47. S/0=2.00. H/O=4.00

S/DJ = 2.38 HO/BJ = 4.76 VRQTIO = 3.49 TMRTIO = 0-465 OENR£TIO=2.171 IMRIN = 661.0 K TJET = 307.3 K THEB = O.345

X/H = 0.2S X/OJ =t.1£ X/. = O.SO x/oJ _.3B X/. = 1.00 X/OJ _.?e

14........ i'. o,4,....
": -

" _ •

(TiIRIN-T]I[TNSIN-TJ) {TMRIN TI/[TNF]IN TJI (TilRIN-TI/ITHRIN-TJ]

x/. = 2._ x/od _.sz

{TK_IN-T )/_T._[N-TJ_

CONP£RISON BETNEEN ORTR RNO CORRELSTIONS FSR TEST NO. 2. TEST SECTION I,S-L. SLOT.
d = 26.47 • S/D =2.00 . HID =4.00

Figure ii. Predicted Theta

Distributions for Test NO. 2,

78



__ t_o o _° _2° _o

MERSUREB THETR PROFILES FOR TEST NO 3, TEST SECTION I, BLUFF SLOTS , d =26.59 , S/O = 2,00 , H/D = 4.00

CONTOUR 1 2 3 4 E E 7 8 9 10 II

VALUE 0,0500 0,1000 0,1500 0,2000 0,2500 0,3000 0,3500 0,4026 0,4500 0.5000 0-6000

o,o o.a o,o

Figure 12. Measured Theta

Distributions for Test No. 3.
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T_

CONTOUR I 2 3 4 5 G 7 B

VRLUE 0,0500 0.I000 0.1500 0.2000 0 .Z500 0.3000 0,350O 0.4026

9 10 I:

0.4500 O.5O0O O,BO00

FREOICTEO THETR CONTOURS FOR TEST NO- 3, BLUFF SLOT, J=26.59, S/D=2.00, H/O=4.00

81DJ = _.I0

X/H = 0._ X/OJ =t._

.

ITMRIN-T)/{TMAIN-TJ]

HOIDJ - 4.ZI VRRTIO = 3,50 TRRTIO : 0.4_

X/H : 0.50 X/OJ 2.10

(riIF_IN-T )/{ TMRIN-TJ )

DENRRTIO=Z.IBB TMI_IN : S'75.0 K TJET = 316.5 K THEB = 0-403

X/M = I.c_ X/OJ =_._I X/_ = t.00 X/OJ =4.zt

_TrIRIN-T_/_ T_IN-TJ] _Tr_IN-T_/( TMRIN-TJ}

COMPRRISON BETNEEN DRTR RND CORRELRTIONS FOR TEST NO. 3, TEST SECTION I,BLUFF BLOT, d = 26.59 , B/O =2-00 • H/O =4.00

Figure 13. Predicted Theta

Distributions for Test No. 3.
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s=0.0508 BETERS 8/0J = 2.118 HB/DJ = 4.237 VMRIN = 12.6 H/$£C VJET = 68.8 '/$EC TMAIN = 655-3 K TJET = 315.0 K THE8 : 0.67B5 BLORAT= ]5.183 OENRAT]O= 2.16]

SA_=S'-_"-"- S_;:::------i__S-U_I'".... S.....]'_.Illtttlt)!7.
..... I° • : •I° I° °_F

ITII_TIIITIBI_rJ) IT_M])/ITIIIb[J] tTI]NI)/[IIIIIII I]I]NI)/(TIIIIT3 )

HERIURED THETB PROFILES FOR TEST NO 4, TEST SECTION I, BLUFF SLOTS • J : lOS.St • S/O = 2.00 , HID : 4.00

CONT0UR 1 2 3 4 5 6 7 8 9 ]0 11

VALUE 0.1000 0.2000 0-3000 0.3600 0.4000 D.4600 0-5000 D.5705 0.6000 0.6300 0.7000

Figure 14. Measured Theta

Distributions for Test No. 4,
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CONTOUR1 2 3

VALUE o.I00o 0.2000 0.3000

4

0.3500

5

0.4000

6 7

0.4500 0,0000

B 0

O .5705 0 .BOO0 O.B5OO O.TOOU

PREDICTED THETR CONTOURS FOR TEST NO. 4, BLUFF SLOT, J=iO6.5. S/O=2.OO. H/O=4.00

$/0J = 2-[2 HO/I]J = 4.24 VRRTIO = 7.01 TRRTIO = 0.481

X/H = 0.25 ,'UDJ =1.05 X/H = 0.50 X/OJ _.12

_BIN-_)/CTr_IN-TJ] (TMnIN-T)/_T,RIN-TJ_

DENRRTIO=2.164 TM_IN = 855.3 K TJET = 315.0 K THEB = 0.5'70

_, %= %-- °,,,., ,= ,= ._ o=

tTt_IIq-T}/_T_IN-TJ] { II_AIN-TV_RIN-T,J}

COMPRRISON BETHEEN DRTR RNO CORRELRTIONB FOR TEST NO. 4. TEST SECTION I,BLUFF SLOT, J = 106.4S • S/D =2.D0 • H/D =4.00

Figure 15. Predicted Theta

Distributions for Test No. 4,
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s=0.0508METERSS/DJ3.476HO/DJ=6.952VMBIN_17._M/SECVJET-30.9fl/SECTMAIN-690.3KTJET- 819.2KTHEO-0.1870BLDRRT-3.800DENRATIO-2.172TRAT[O-0.462

MEASURED THETA PROFILES FOR TEST NO. S, TEST SECTION I, PLRTE M3 (INL), J -6-65 • S/B - 2,8S , H/D = 5.66

CONTOUR 1 2 3 4 5 6 7 8 £ 10 11

VALUE 0-0500 O.tO00 O.ISO0 0.1978 0.2500 0.3000 0.3500 0-4O0O 0.5000 0,6000 S,7S00

MEASURES THETIq CSNTOURS FOR TEST NO S, PLATE MS , d=S.S5, S/D=2-SS, H/D=5.66

9igure 16. Measured Theta

Distiibutions for Test No. 5,
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CONTOUR
VALUE

. i _ I o.o

-o._ 1.5

I 2 O 4 5 6 7 8 9

O.0500 O.IO00 O.t500 0.1978 O.2500 0.3000 0.3U00 0.4000 o.4500

. I . ; oo ___i ; oo

T_VER_ D_. Z/S TR_S_E_SE O_Sr. Z_

to H

0.5ooo o .6ooo

_VL_SE DW_T,_/S

PREOICTEO THETR CONTOURS FOR TEST NO. 5, PLRTE [t3, d-6.SS, S/0=2.83, H/D:S.6S

s/oJ = 3.4B HO/DJ = 6.95 VRRTIO = 1.75 TRnTIO = 0.462 OENRRTIO-2,172 TMAIN - 6£0.3 K

X/H = 0._0 X/DJ _.4e ×/_ = OaS X/OJ _.Zl X/H I.O0 X/DJ =e-gS

__ o_ o_ _.. _o_ _ _$I_ ......

f •

{Ttl_I_4 T_/(T,a[N-TJ_ CT.RIN-TS/(ftlAIN-TJ_ Cm_IN-T)/(TMAIN TJ_

TJET = 319.2 K THEB - 0.19"/

X/H = l.so x/oJ :10.43

_TMAIN r)/(TMnlN_TJ_

COMPRRISON BETNEEN ORTA QNO CORRELRTIONS FOR TEST NO 5, TEST SECTION I, PLATE M3(INL), d = 6,SS , S/0 =2.83 , H/D =5-66

Figure 17, Predicted Tbeta

Distributions for Test No. 5.
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s = 0.0508 METERS 8/[34 = 3,510 HO/DJ = 7.020 VMRIN = 17.1 M/SEC VJET = 59.2 M/SEC TMRIN = 665.9 K TJET = 310.4 K THEB = 0.3268 BLDRnT= 7.574 OENRQTIO= 2.184 TRATIO=0.465

4> -cb. ......" _"

cb...... Cb---

HEASUREO THETFt PROF[L.ES FOR TEST NO- 6, TEST SECT[ON I, PLRTE MS (INL/ • J =2S.27 , S/D = 2-83 , H/D = 5.SS

CONTOUR 1 2 3 4 5 6 7 0 S $0 H

VRLUE 0,0500 0.1000 0.1500 0.2000 0.2500 0.3268 0.3500 0.4000 0-0000 0.8000 0.7000

Figure 18, Measured Theta

Distributions for Test NO. 6,
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HERSURED THETR CONTOURS FOR TEST NO 2, PLRTE M3 • J=26-Eq, S/D=2,83, R/0=5-66



CO, fOUR _ 2 3 4 s

VRLUE 0.0500 O.lO00 O. 1500 0.2000 0.2500

i_ I.D

6 7 6 9

0 ._Z6B 0.3500 0.40O0 O.SO00

10 it

e .6000 0 .?000

PREOIETEO THETR CONTOURS FOR TEST NO. 6, PLRTE M3, J=26.23. S/O=2.BB, H7_=5,66

$/oJ = 3.51 HO/OJ =?.02 VRaT[O = 3.4? TRRT[O = 0.466 OENRRTIO=2,t84 T_qIN = 665.9 K TJET = 310.4 K ?HEB = O.3'L_

x/_ = O.SO X/_ =s.51 X/H = 0._5 X/OJ =S.2_ X/_ = I.PO X/OJ =7.O2 X/H = I.SO X/OJ =IO,S3

(T_IN-TI/(TMRIN-TJ ) (TMR[N-T)I(TMRIN-TJ) (rfLqIN-T )I( TMR IN-?J ) (Tt_qIN-T ]/[ TMRIN-TJ )

CO_PRRISON BETWEEN ORT9 RNO CORRELATIONS FOR TEST NO 6. TEST SECTION I. PLRTE MS[INL). J = 26.2? , S/O =2.83 , H/O =5.66

Figure 19. Predicted Tbeta

Distributions for Test No. 6.
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5:0-0508 ffETERS S/Od : 3.618 HO/OJ : 7.236 VNAIN = t6.3 M/SEC VJET : 1L3.8 N/SEE TRAIN : 636.9 K TOET : 309.6 K THEB : 0.4780 BLORRT: 15.307 DENRRT[O= 2._B6 TRATID:O.486

4> ......_k>_..... " " " d:>...... d:>_,"- - cb-...... d:>,_:--' " " " d:>...... d>,_..... " "........................
o oo

...... '_ _ %. . = .

NERSUNEO TNETR PROFILES FOR TEST NO, 7, TEST SECTION I, PLRTE M3 (INL) . d = 107.18 , S/O = 2,B8 , H/O = 5.66

CONTOUR

VALUE

_o_ Qls_, z/s

Figure 20. Measured Theta

Distributions for Test NO, 7.
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1 2 3 4 S 6 7 8 9 10 i1

0.1000 0.2000 0.3000 0.3500 0.4000 0.4500 0,4780 0.5000 0.5500 0.6000 0.7000

MERSUREO THETR CONTOURS FOR TEST NO 7, PLATE _3 • J=107.2, S/D=2,83, H/D=5.66



CONTOUR

VALUE

-o._ 1.5
T_V_SE Drsr. _e

l 2 9 4 5 6 7 O O 10 t_

0.1000 0.2000 0.3000 0.3500 0.4000 o,4so0 0.4780 0,5000 0.5500 o.60o0 0.6000

PREDICTED THETR CONTOURS FOR TEST NO. 7, PLRTE MS, J=107.2, S/D:2,SS, H/O=S.D6

_R_E_E _IST. _S

X/_ : O.SO X/OJ _.62

i

CmnIN-T_/(TMR[N TJ_

VRRTIO = 7,00 T_RTfO = 0.486 OENRRTIO=2.t86 TNRIN = 636.7 K TJET = 309.6 K THE6 = 0.4?7

X/H = ons X/DJ -_.43 x/H = 1-00 x/oJ =7.Z_ X/H = _.SO X/OJ =lO.eS

_T_RIN-T_I(TM_IN-TJI (r_n[N-rl/_ TNRIN TJ_ IT_I_-TII_T_nIN-TJ_

COMPRRISON SETNEEN DRTR RND CORRELDTIONS FOR TEST NO 7, TEST SECTION I, PLRTE MSEINL/, J = tOT-iS , S/O =S.S3 . HID =5.66
F£gu_e 21. ?redicbed Wheta

D£strlbutLons _or _est NO. 7,
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S=0.1018METERS$/Od=4.716HO/OJ=4.715VtlRIN=17.4M/SEC','JET=30.4M/$£CTMAIN=682.0K[JET=314.0 K T_EB = 0-2151 8LORAT= 3,817 OENRRTIO= 2,183 TRRT[O=0.450

.....____ ,_ _>-----_>.... -----__ __
! !

........... i_ . _;Z _:_° __ _: U_o _o

]_EASURED THETA PROFILES FOR TEST NO- 8. TEST SECTION I. PLATE i_4 ISTO_ * J =6.6"7 • S/O = 4,00 , H/D = 4.00

CONTOUR I 2 3 4 5

VALUE 0.0500 0.I000 0-1500 0-2151 0.2000

Figure 22. Measured Theta

Distributions for Test No. 8.
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6 '7 8 5 i0 11

0.3000 0.35O0 0.4000 0.5000 0.6000 0.7000

I_ERSUREO THETR CONTOURS FOR TEST NO 8, PLRTE N4 • J=6,67, S/O=4.00, H/O=4.00



CONTOUR i 2 0 4 5 0 ? 8 9 tO II

VRLUE 0.0500 0.I000 0.1500 0,210! 0,2500 0.3000 0.3500 0.4000 0.5000 0.0000 0.7000

PREDICTED THETR CONTOURS FOR TEST NO. 8, PLRTE N4, d=6,67. S/0=4,00, H/D=4.OO

S/DJ = 4.58 HO/DJ = 4.58 VRATIO = t 275 T_T[O = 0.460 OENRQTIO=Z.t83 TMRIN = 602.0 K TJET = 3[4.0 K

X/H : 0 ._ X/DJ .9,36 X/H : 0,75 XlOJ :3.54 X/H : i ._ X/_ :4.72

,°"

(TIeRIN-T 1/{TilAIN-TJ ) (TMAIN-TI/[ TMBIN-TJI [TMRIN-T I/(T_A[N-TJ)

X/H = 1.50 x/oJ :?.07

_,_ ,_ o_ o_

_ ':

{TMR IN-T 1/( Tr_qIN-TJ 1

COiIPARISON BETNEEN ORTR £NO CORRELRTIONS FDR TEST NO 8, TEST SECTION I, PLRTE M4[ST81, d = 6.67 • D/O =4,00 , H/D =4.00
Figure 23. Predicted Tbeta
Distributions for Test No. 0.
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s: 0.I0_B METER@ SIDJ = 4.964 HO/DJ = 4.884 VMAIN = 17.3 M/SEC VJET = GO.'/ HI$EC TMRIN = B7L.6 K TJET = 313.5 K THEB = 0.33L4 BLORRT= 7.54S DENRATIO= Z.lB5 TRATIO=O.4e'/

MEASURED THETR PROFILES FOR TEST NO. S, TEST SECTION I. PLATE N4CSTD) . d =Z6.77 , S/O = 4.00 . H/D = 4.00

CONTOUR I 2 3 4 5 6 '7 8 9 LO L1

VALUE O.LOO0 0.1500 0.2000 0.2500 0.3000 0.33£4 0.4000 0.4500 0-5000 0.8000 0.7000

MEASURED THETQ CONTOURS FOR TEST NO 9. PLATE N4 , d=26.77. S/D=4.00. H/O=4.00

Figure 24. Measured Theta

Distributions for Test NO. 0.
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CONTOURt 2 3 4 5 6 7 8 9 10 I$

VRLUE 0.I000 0.1500 0.20O0 0.2500 0.3000 0.3314 0.4000 0.4500 0.5000 O.6000 0.7000

,.o
,.o t,a

PREDICTEO THETR CONTOURS FON TEST NO- 9. PLRTE N4. d=2S.77. $/D=4.00. H/D=4-O0

S/OJ = 4.87 HO/OJ = 4.B7 VRflTIO = 3.50 TERTIO = 0.467 OENRRTIO=2.18S TNQIN = 671.6 K TJET = SI3.5 K THE@ = 0.334

X/H = 0.50 X/OJ 2.48 X/, = 0._ X/_ =S.72 X/H = 1.00 XmJ _.ge

1TMRIN-TI/(TnQIN-TJ_ (rHnlN-T )/_ T_fllN-TJI _TMnIN-T I/[T_fllN-TJ1

X/H = 1.SO X/OJ =7.4S

,= o_ ,t_ o,=

_TMQIN-T_/_ T_AItI-TJ _

CONPRRISON BETNEEN DRTR fiND CORRELRTIONS FOR TEST NO 9. TEST SECTION I. PLRTE N4[STG]. d = 26.77 • S/D =4.00 . H/O =4.00
Figure 25. P[edicted Theta
Distributions for West No. 9.
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s =0.0608 METERS S/DJ = 3,280 HOIOJ = e.SBO VMAIN = I?,8 MISEC VJET = 31,_ MISEC THAIN = 695.5 _ TJET = 321.1 K TFE8 = 0.2194 BLORAT= 3.825 DEMRRTIO= 2.I?B _RATIO=0.462

?j
MERSUREO THEm PROFILES FOR TEST NO, 10, TEST SECTION I. PLATE MS • J =6.?_ , S/D = 2.83 • H/D : 5.66

CONTOUR

V_LUE

Figure 26. Measured Theta

Distributions for Test No. i0.
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1 2 3 4 5

0.0500 o.tooo 0.1500 O.ZL94 0.2500

O '7 8 O tO It

0.3000 0.3500 0.4000 0.5000 o .6000 0.'7000

MERSUREO THETO CONTOURS FOR TEST NO 10, PLRTE MS. d:6.q2, S/D=2.83, H/O=S._S



CONTOUR$ 2 3 4 s

VALUE O.0000 O.IO00 0.1800 0.2194 0.2500

il °i
I,.o

6 7 8 9 tO

0.3000 0,3500 0.4000 0.5000 0.6000

PREDICTED THETR CONTOURS FOR TEST NO- [0, PLRTE MS, J=S,72, 6/0=2.83, H/0=5,66

S/OJ = 2.3o HO/OJ = 9-20 VRF_T[O = i.TS TRRT[O = 0.462 OENRRTIO=Z.178 TNRIN = 6£5,5 K

X/H = 0,_5 XmJ =[,64 X/H = O.SO X/DJ :_.28 X/H = 1.00 ×/OJ =e.SS

_o_ o',_ o'._ o_ _'_ 1._ °'_

TJET = 3gl ,t K THEB = 0,221

XIH = 2,00 XIDJ =IS,lZ

o.® '.® "_

COMPARISON BETNEEN S£TR AND CORRELATIONS FOR TES1 NO [O, TEST SECTION I, PLRTE _S
J : 6.72 , S/D :2.83 , M/O =5.66

Figure 27. Predicted _eta

Distributions for Test No, i0,
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$ =0.0508 METERS 510J = 3.417 HO/OJ = 6.835 VMAIN = 1"7.3 II/SEC V JET = 60.2 M/SEC TMRIN = 6'77.2 K TJET = 313.5 K TPE8 = 0.3422 8LORAT= 7.683 DENRRTIO= _.203 TRRTIO=0.463

......6+" 4> - 4>-6-" ..... 4>-_-4:_,9,.-"" -_ _ "

4> 4>-__ _:_ 4>--4>- 4>------4>-

....... 4>_.____4>___-

o _ - o:_o . _o . _,_ooj

MERSUREO THETR PR0FILES FOR TEST NO. 11, TEST SECTION I, PLRTE M5 • J = 26.79 , S/O = 2-83 • H/O = 5.86

CONTOUR 1 2 3 4 5 6 "7 8 £ 10 ll

VRLUE O.lOOO 0.1500 0-2000 0.2500 0.3000 0.0422 0.40OO 0.4500 0.5000 0.$000 0.700O

o.o D.o o.e e.o

Figure 28. Measured Theta

Distributions for Test NO. It.
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MERSUREO THET_ CONTOURS FOR TEST NO 11. PLRTE M5. J=26.?£. S/0=2.83, H/D=S-S6



CONTOUR

VALUE

m_R_ DTST,_

1 2 3 4 5 6 7 8 0 tO II

0.I000 0,1500 o.2000 o.g_O0 0,3000 0.3422 0.4000 0.4600 0.5000 O.0000 O.7OO0

El j

4.6 ,.s 4.5 ,_ ,.5
_SVE_SE DZS_,

PREBICTEO THEm CONTOURS FOR TEST NO. [[, PLATE MS. J=2S.?9, S/0=2.83. N/D=5.6S

x/, : 0.25 x/oJ :l._l X/H : 0._ X/Oj _.42

( Tf_RIN-T }/[ TMRIN-TJ I ( TMAIN-T ]/{ TMR[N-TJ }

VRFtT[(] = 3.49 TRRTIO = 0.#.63 OENRRT[O=2.203 TMFI[N = 87'7.2 K TJET = 313.5 K

X/H = l.OO X/DJ =B.83

(TMAIN rlllrr,_I_-TJ_

TMEB = (3.344

X/H : 2-00 X/_ :13.67

_® o.® _ ,.®

COMPARISON BETWEEN BRTR RNB CORRELATIONS FOR TEST ND 11, TEST SECTION I, PLATE M5 J = 26.79 . S/O =2.83 , H/O =5-SS

Figure 20. Predicted Theta

Distributions for Test No. ii,
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VMRIN=16.4M/BECVJET=113.3M/SECTttqIN=645.0K TJET = 313.7 K THEB = 0.5004 BLDRRT= 15.3B4 DENRRTIO= 2._21 TRSTIO=O.48B

<_--c_ _." '_" <_ ........ " _ " c_------<_____'

MERSUREB THETR PROFILES FOR TEST NO- 12, TEST SECTION I, PLATE MS , d = i06.27 • S/0 = 2.83 , H/O = 5.66

CONTOUR

VALUE

Figure 30. Measured Theta

Distributions for Test No. 12.
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1 2 3 4 5

O.lOOO 0.2000 0.3000 0.3500 0.4000

6 7 8 9

0-4500 0.5004 O.S500 0-6000

I0

0.6500

NERSURED THETR CONTOURS FOR TEST NO LZ. PLRTE MS. J=[OS.3. 8/0=2.83. H/O=S.S6

It

o .7oo0



CONTOUR

V£LUE

1.5
_'_ TR_S_OISr, ZJS

I 2 3 4 5 6 7 6 9 tO It

O.tO00 O,ZO00 0,3000 0.3600 0.4000 0.4600 0,0004 0.6600 O.6o00 0.6600 0.7000

L.o

PREDICTED THETQ CONTOURS FOR TEST NO, 12, PLqTE M5, J=106,3, S/D=2.83. H/D=5.6S

Lo.o

I
f

5/OJ = 2,42 HO/BJ = 9.67

×/H = 0.50 X/DJ =3.51X/N = O.ZS X/BJ =_._S

/Z
tTeflIN-TII( TMRIN-TJI _TMQIN-T_/C rMQIN-TJ_

VRQTIO = 6-92 TRRTIO = O.486 OENRRTZO=Z.Z21 TMRIN = 646.0 K TJET = 313.'/ K

XXH = _.OU X/BJ =7.01

CT_AI_T_IC TM_IN TJ_

THEB = 0.506

X/H = Z40 X/OJ =I4.OS

i.... °'_"

CO_PIqRISON BETNEEN DRTR RND CORRELQT[ONS FOR TEST NO iZ, TEST SECTION [, PLRTE [15
J = lOS-S7 , S/O =2.83 , H/D =5,66

Figure 31, Predicted _heta
Distributions for _est NO. 12.
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8 :O.O50tl i_TERS 8/OJ = 3,424 HO/OJ = 6,848 VMRIN = 17.0 I1/SEC VJET = 58.5 M/SEC TI1@IN = 872.0 _ TJET = 310.1 K THEB = 0.2820 BLOR£T= 7.605 OENR_TIO= 2.208 TRRTIO=O.481

4:> 4:> 4o- oh. 4:> 4> 4>-4>

MERSUREO THETN PROFILES FOR TEST NO 13, TEST SECTION I, PLRTE MS(INLI • J =26-20 , 8RO z 2-83 , H/O = Si66

CONTOUR

VRLUE

o.o

T_VE_S_ DISr, Z/S

Figure 32. Measured Theta

Distributions for Test No. 13.
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I Z 0 4 5 6 7 8 £ 10 11

o.050o 0.1000 0.1500 o.zoo0 0.Z500 0.2820 0.3500 O,4O00 0.4500 0.5000 O.BO00

_.5 1.5

_, I I I I i

MEOSURCO THETO CONTOURS POR TEST NO IO,PLRTE MS,Jlz26.2,J2=6.4,S/O=2.80,H/O=5.SS



CONTOUR

VALUE

_ T_S_SE DrST.

I 2 O 4

0.0500 o.$000 0.1500 O,2O0O

5

0.2500

6 7 8 O

o.zoo0 0.3500 0.4000 0.4500

Sv"v v _ i.o

o.SO00 0.6BOO

_,s m_vE_ OIST, _S 1._ _.5 _ _ST, _ 1.6 -o.5

PREDICTED THEm CONTOURS FOR TEST NO 13, PLATE tlO.JI=2D.4,J2=6.¢.S/O=2.0.H/O=4.0

5/DJ = 2.30 HO/OJ = 9.20 VRQTIO = 3.44 TRnHO = 0.465 BENRnT]O=2.208 T_n[N = 672.0 K TJET = 318.1K THEB = 0.215

X/H = 0.25 X/OJ =1.71 X/H = O.EO X/Oa -_.42 X/_ = 1.00 X/DJ =_.a_ ×/_ = 2.00 X/DJ =IS_o

rI_nIN-r_/CTN_IN Id) _mnm-Tl/_mAlN-TJ_ (T_Qm-T_/_T_m-TJI _rn_IN-r_/_r_m-TJl

CONPARIBON BETWEEN DATA AND CORRELATIONS FOR TEST NO iS. TEST SECTION I. PLATE NS
, d = 26.20 • B/O =2.83 , H/D =5.66

Figure 33, Predlcte_ Theta

Distribution_ for Te_t No. 13,

I00



6= 0,0506 METERS 5/DJ = 3.510 HO/DJ = 7.02O VMF_IN = 16.8 M/SEC VJET = 113.0 M/SEC TMAIN = 6B6.3 r( TJET = 304.5 K THEB = 0.3938 BLORRT= 15.634 OENRBTIO: 2.353 TRRTIO=O.457

c_>--d>_,_ <b-----d>_.." cb----d>_..._"

MEASURED THETR PROFILES FOR TEST NO 14, TEST SECTION I • PLATE MS(INL) • d = 106.54 • S/B = 2683 ' H/O = 5166

CONTOUR 1 2 3 4 5 6 7 8 9 10 11

VALUE 0-0600 0.1000 0.1500 0.2000 0.2600 0.6000 0.6600 0.0913 0.4600 0.6000 0.6O00

o.o ......

Figure 34. Measured Theta

Distributions for Test No. 14.
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MEASURED THETR CONTOURS FOR TEST NO 14,PL£TE HS.Jl=106 ,J2=S.5,S/D=2.89.R/D:5.66



CONTOUR

VRLUE

_ I _ _ i _ o.o ,3 ; L._.3; L-o.o

1 2 3 4 5 6 7 8 9 to 11

o.0500 0.I000 O.1SO0 0.20oo 0.2500 0.3000 0.3500 0.3913 0.4500 0.5000 0.6000

4.5 ,._ 4,5 ,.5 _.° ;.5 -04 1.5
T_VER_ DESr. Z/S _ O_ST._t5

PREOICTEO THEm CONTOURS FOR TEST NO t4, PLATE MS,JI=106 *J2=6,4*S/O=2.0,H/B=4-O

s/oJ = 2.90 HO/OJ = 9.20 VRRTIO = 6.73 TRRTIO = 0.457 OENRRT[O=2,353 TMA[N = 666-3 K TJET = 304.5 K THEe = 0.214

X/H = 0.25 X/Od =I.?S X/_ = 0.50 X/Od _,51 _H = 1,00 X/OJ=7.O2 X/_ = 2,00 X/Od =14.04

i "" "

[T_QIN T)I[TMQIN-TJ) [TMRIN-T]I[THRIN TJ)

........... ,=

[TMRIN-T_/{TM_IN TJ) (TMRIN-T;I(T_R{N-TJ)

o.® o._ _._ _ o....

CONPARISON BETNEEN DATA AND CORRELRTIONS FOR TEST NO 14, TEST SECTION I, PLATE N5 • d = 105.54 • S/O =2.83 , H/O =5.66

Figure 35. £redicted Theta

Distributions for West No. 14.
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$ =0,050B METERS SlOJ = 3,510 HOIDJ = ?,OZO VMAIN : 16,7 MIBEC VJET : _12.9 M/SEC TRAIN = BeO,O K TJET = 305.8 K THEB = 0.4318 BLORRT= 15.708 DENRRTIO: 2.321 TR_TIO=0.463

4> ---_<:_----" " .... ------4>- _ .......

MEASURED THETR PROFILES FOR TEST NO 15. TEST SECTION I, PLRTE MS(INL) • J = 1OS.Z9 , S/O = 2.83 , H/O = 5,66

CONTOUR 1 2 3 4 5 S 7 8 0 10 It

VALUE 0.1000 0.2O0O 0.2500 0.3000 0.3000 0.4000 0.4325 0.4500 0,5000 0.5500 0.6000

F1ERSUREO THETR CONTOURS FOR TEST NO 15,PLRTE ]_5,J1-106, J2-2S, S/0-2,83,N/0=S.66

Figure 36. Measured Theta

Distributions for Test NO. 15,
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CONTOURI 2 3 4 O 6 7 8 9 10 11

VALUE 0.1000 0.2000 0.2500 0.3000 0.350O 0.4000 0.4325 0.4500 0.5000 0.5500 0.6000

,.o 1.o

_'_ _R_VER_ Oil,. _S 1.5 -Q'_ m_S_R_ OI_. Z_ I.G -Q.S m_s_ OmT. _/_ I._

PREOICTEO THETR CONTOURS FOR TEST NO 15, PLATE MS, Jr:lOft, J2=26,S/O=2.0,H/O=4-O

8/OJ = 2.3S HB/OJ = 9.58 VRATIO = 6.77 TRAT[O = 0.483 DENRQT[O=2.321 TMQIN = 660.0 K TJET = 305.8 K

X/_ = O._S X/OJ =L._S X/H = O.SO X/OJ -_-S_ X/H = _.00 X/OJ --7.0_

_T_ T_/_T_ _T_ T_T_N_T_ _T_A T_T_

TI_EB = O.S4S

X/_ = Z.O0 X/DJ =14.04

iI "I
(TNRINIT )/(TMRIN-TJ ]

COMPARISON BETNEEN DATA RND CORRELATIONS FOR TEST NO 15, TEST SECTION I, PLRTE MS
d : i06-29 , $/0 =2.83 , H/O =5.66

Figure 37. Predicted Theta

Distributions for Test No. 15.
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8 =0.0254 METERS S/OJ = 2.4tO HO/OJ = 9.666 VMRIN = 16.7 It/SEC VJET = 114.4 M/SEC TMRIN = 65S.6 K TJET = 306-? K THEB = 0.3939 BLORaT= 15.S02 OENRRTIO= 2.280 TRnTIO=0.467

MEASURED THETR PROFILES FOR TEST NO 16,TEST SECTION I, PLATE HS , d = 106/78 , S/O = 2-00 • H/O = 8-00

CONTOUR 1 2 3 4

VALUE 0-0500 0.1000 O.t500 0.2000

. o.°

Figure 38. Measured Theta

Distributions for Test No. 16.
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O 8 7 8 9 10 ll

0.2500 0.3000 0.3500 0.3991 0.4500 0.5000 0.8000

MEASURED THETA CONTOURS FOR TEST NO 16,_LRTE MS,JI=lO6,J2=B,S/D:2.O3, H/O=S.66



CONTOUR I 2 3 4 5 6 7 8 9 10 II

VALUE O.OSO0 0.1000 0-1600 0.2000 0.2500 0,3000 0-3500 0.3991 0-4000 0.5000 0,6000

PREDICTED THETA CONTOURS FOR TEST NO 16, PLATE B6, dt=106, JS=6,S/O=2,0,HIO=8,0

X/H = 0.2S X/OJ _.42

t T_IN_T_/(T_R_N-TJ_

VRnT[O = 6,84 TR'RT[O = 0.48'7 DENRRT[O=2.280 /IIRIN = 656.6 K TJET = 306.'7 K THEB = 0.223

_= "= t °"= °'= @........ _i °"= "i/'="ot?.- , /_ "

[Tf1R[N'-T}/[TfIQIN-TJ] ITMRIN-T}/[Ti_IN-TJ] (TMR[N-T}/(TMRIN=TJ]

COMPARISON BETWEEN ORTA ANO COR_ELRTIONS FOB TEST NO 16, TEST SECTION I, PLRTE MS J = i06.78 • S/O =2.00 , HID =8.00

Figure 39. Predicted Theta

Distributions for Test NO. 16.
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$ =0.0254 METERS S/OJ = 2.416 HO/BJ = 9.656 VMQIN : 16.9 M/SEC VJET = 114.8 M/$EC _tRIN = 663,8 K TJET = 305,t K THEB = 0.4409 BLORAT= 15.745 DENRATIO= 2.321 TRATIO=0.460

MEASURED THETA PROFILES FOR TEST NO 17,TEST SECTION I. PLATE MS

<5<t> <t_: * .....

• ×/HA = o.5o3o

• d = 105.83 • $1O = 2,00 . H/D = 8.00

CONTOUR

VALUE

o.o

Figure 40. Measured Theta

Distributions for Test NO. 17.
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l 2 3 4 5 O 7 8 O lO ll

D.lOOO 0,2000 0.2500 0.3000 0.0500 0.4000 0.442S 0.5000 0.5500 0,0000 0.7000

MEASURED THETA CONTOURS FOR TEST NO 17,PLATE HB.JI:IOD,J2=2S.S/O=2.83, H10=5.66



CONTOUF_
VALUE

1 2 3 4 5

O.tO00 0.2000 0.2500 0.3000 0.3500

6 '/ B 9

0.4000 0.44Z5 0-5000 0-5500

10 ll

0.6000 0.7000

PREOICTEO THETR CONTOURS FOR TEST NO 17, PLATE M6, dl=106, J2=28,S/O=2.0,N/D=8*O

SlOJ = 3.39 HO/OJ = B.TB VRBTIO = 6.78 TRAT[O = 0.460 OENRRTIO=2._X TMBIN = 663.8 K

_ o_ • o_ o,_ _om .,_ _ o,_ .,_ _ '_ °_

,, -
! ":"

.... |.L_:-< ._. ,, |1 . :/, . .,. ,_.
(T_IN-T]I(TMBIN_TJ) (T,BIN-T ]/[T_nIN-TJ) [T_IN-T )/(T_IN-TJ)

TJET = 305.1 K TME8 = 0.349

o_ ._ o_ o_ o_ ._

_TMA[N-T_I{T_qIA-TJ)

COHPBBISON BETWEEN DOTS QNO CORRELATIONS FOR TEST NO 17, TEST SECTION I. PLRTE M6
J = 10S-83 . S/O =2.00 . HID =B.00

Figure 41. Predicted Theta

Distributions for Test No. 17.
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S-0.0508METERSBIDJ=2.358HDIDJ= 4.718 VRRIN = 17.4 HISEC VJET - 30.4 MISEC THRIN - 684.2 K TJET = 31B.3 K THEB 0.2118 BLORRT 3.800 DENRRTIO 2.173

MEASURED THETF_ PROFILES FOR TEST NO 18, TEST SECTION I, 45-OE6 SLOT , J =B.B4 , S/O - 2.00 , H/O 4.00

CONTOUR 1 2 _ 4 5 6 '7 8 9

VRLUE 0.0500 O-lOgO 0-1500 0.2116 O.2000 O.SOO0 0.3500 0.4000 0.4500

Figure 42. Measured Theta

DistributLons for Test No. 18.

log

lO tl

O .5OOO O.6OOO

m_ oisr, z/s

HERSURED THETR CONTOURS FOR TEST NO I8,45-OEO SLOT, J=6-64, S/O-2-OO, H/O-4-OO



CONTOUR

VALUE

1 2 3 4 5

0.0500 0.1000 0.1500 0.2116 0,2500

I

I.B

6 ? 8 9

0.3000 0.3500 0.4ODD 0-4500

I0 11

0.5000 0.6000

_.l , i.s 1_

PREDICTED THETR CONTOURS FOR TEST NO 18. PLATE M-?, J=6,64, S/D=2.08, H/D=4-O0

_/OJ = 0.36 HO/DJ = 4.'/2 VRRTIO : 1-75 TRRT[O = 0.462 DENRRTIO=2,173 THRIN = 684-2 K

X_ = O._S X,_ =l.tB Xra = O,SO x/oJ _._6 X/H = 1,00 X/OJ =4._

9°= 'P "= °" °"= _ ....... "" _1"=t "" _. "1"='= 'P

{T_IN-T)/( TMR|N-TJI ITtIRIN-T 1/1 TttqIN-TJ 1 [TMRIN-TI/[ TMRIN-TJI

CSMPRRISON BETWEEN DRTR AND CORRELATIONS FOR TEST TEST NO 18, 45 DEG SLOTS, PHASE III J = 6.64

TJET = 316,3 K THEB = 0.210

= 2.00 X/DJ dB.43

q°= o= ,_ o,=

(TMRIN-T)/CT_IN-TU)

Piguce 43. Predlcted Theta

Distributions for Test No. 18.

, S/D :6-00 • H/O =4-00 110



s : 0.0508 METER5 BIDJ = 2.458 HOIOJ ; 4.91B VMAIN = 17-2 M/SEC VJET = SO.5 M/SEC TMAIN : 6?5.5 K TJET = 314.5 K THEB = 0.3338 BLORRT: 7.'/02 OENRATIO= 2.1SS

............i....... ...............f/I/It
MERSURED THETR PROFILES FOR TEST NO 19, TEST SECTION I. 45-DEO SLOT • J =27.13 • S/O : 2.00 H/D z 4-00

CONTOUR l 2 3 4 5 6 7 8 9 10 11

VRLUE 0.5500 0-1050 5.]500 0.2000 0.2500 0.3000 0-3336 0.4000 0.4500 0-5550 5.5000

Figure 44. Measured Theta

Distributions for Test No. 19.

HERSURED THETA CONTOURS FOR TEST NO 19,45 DEG SLOT, J=27.13, S/D:2.00, H/O:4.00



CONTOUR

VALUE

e.o

_ omT. . t.o

1 2 3 4 5 6 7 8 9 10 11

O.O5OO 0.1000 0.1500 0.2000 0.25OO O.3OOO 0.3336 0.4000 0.4500 0.5000 O.5OOO

PREDICTED THETA CONTOUR5 FOR TEST NO 19. PLRTE M-7. J=27.13. 5/0=2.00. H/D=4.OO

5/DJ = 2,46 flo/oJ = 4.92 V_TIO = 3.S2 TRRTIO = 0,466 OENRRT[O=-2.186 TMR[N = 675.5 K TJET = 314,5 K

X/H = 0.2B X/OJ --t .£3 X/_ = O.SO XmJ _,_S X/H = 1.00 X/OJ =4._

(TMRIN-T)/( THRIN-TJ ) {TMRIN-T )/( THRIN-TJ] _TMRIN-T ]/( Ti'RIN-TJ ]

x/H = 2.oo xmJ _._

,L, ,',, ,_ ,_=

CT_RIN_T JItT_IN_TJI

COMPARISON BETWEEN DATA RND CORRELRTIONS FOR TEST TEST NO 19. 45 DEO SLOTS. PHASE III J = 27.13 . D/D =2.00 . H/D =4.00

Figure 45. Predicted Theta

Distributions for Test No. 19.
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5 =0.0508 METERS SIOJ = 2.519 HO/DJ = 5,039 VMFIIN : 16.2 M/5£C VJET = 112.0 II15£C TMFIIN : 637.4 11 TJET = 30"/.8 K THEB = 0.4885 BLORFIT: 15.314 DENRATIO= 2.209

MERSURED THETA PROFILE8 FOR TEST NO 20, TEST SECTION I, 45 OEO SLOT , d = 106.18 • 8/8 = 2,00 H/D = 4.00

CONTOUR 1 2 3 4 5 6 7 8 g I0 II

VRLUE 0.i000 0.2000 0.2500 0.3000 0.3500 O-&O00 0.45O0 0.4865 0.5000 0.5500 0.6000

Figure 46. Measured Theta

Distributions for Test No. 20.
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NERSUREO THETR CONTOUR6 FOR TEST NO 20,45 DEC SLOT, J=IC8,18, S/D=2.00, H/D=4.OO



CONTOUR

VRLLIE

1 2 3 4 5

O,lO00 0.1500 0.2000 0.2500 0.3OOO

PREDICTED THETA CONTOURS FOR TEST NO 20, PLRTE M-7, J=106.18. S/D=2.00, H/O=4.00

VRRTIO = 6.93 TRRTIO = 0.483 DENRRTIO=2.209 TMRIN = 63'7.4 K TJET = S07.8 K ' THE;B = 0.48'/

X/H = 0.25 X/DJ =1226 X/H = O.SO X/Od _.52 X/H = 1.00 X/_J :5.04 X/H = 2.00 X/OJ =10.08

2!i , - ?
",,

(ltiAIN-T illTlCqIN-TJ ) (TRR I_¢-TIll TI'IRIH-TJ ) lTi'_qIN-T l/ (TilRIN-T J l (TilRIN-T )I( TMR IN-TJ l

COMPARISON BETHEEN DATR AND CORRELRTION$ FOR TEST TEST NO 20, 45 DEG SLOTS, PHRSE III J = I06,18 • 5/0 =2.00 . H/D =4-55

Figure 47. Predicted Theta

Distributions for Test No, 20.
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s = 0.0508 METERS 51OJ = 2.288 HO/DJ = 4.57B VMIqlN = 15.3 fl/SEC VJET = 104.3 M/BEC THSIN _ 629.I K TJET = 3O'7.0 K THEB = 0.5322 BLORnT= 15.1"70 DENRIqTIO= 2,230

HERSUREO THETR PROFILES FOR TEST NO 21,TEST SECTION I, TN-CONST , J = 103,19 • S/D = 2.00 , H/D _ 4-00

CONTOUR

VRLUE

i oo

Figure 48. Measured Theta

Distributions for Test NO. 21.
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1 2 3 4 5 B 7 8 £ 10 11

0.I000 0.2000 0.3000 0.3500 0.4000 0.4000 0.5000 0.5322 O.SO00 0.6500 0.7000

Q._ o.o o.o

MERSUREO THETR CONTOURS FOR TEST NO 21, TM-CONST, J-I03.2, S/D=2,00, H/Dr4,00



CONTOUR
VALUE

t Z 3 4 5
O.IO00O,ZO000.30000,35000.4000

6 7 8 9

0,4500 0.5000 0.5322 O ,6000

I_ftSVE_E OIST, Z/S

I0 Ii

0.6500 0.7000

PREDICTED THETR CONTOURS FOR TEST NO 21, TM=CONST, J=103.2. 0/0=2-00. H/0=4-00

$/OJ = 2.29 HO/BJ = 4.58 VRnT[O = 6.80 TRRTIO : 0.488 OENRRTIO:Z.230 TMRIN = 629.1 K

X.*H = O.ZS x/oJ =1.14 X/M = 0.50 X/OJ _.Z9 X/M = t .00 XYOJ -_.S8

_ °.

CTM_IN-T U_ TMAI_-Td_ _ TMnIN-T lIE TNAIN Tdl CTMRIN-T UCT_IN-TJ_

TJET = 307.0 K THEB = 0.532

X/M = 2.00 x/BJ _._S

CT_I_-f_/CT_AIN-TJ)

COMP£RISON BETWEEN OBTR RNO CORRELOTIONS FOR TEST NO Z1, TEST SECTION I,TB=CONST.
J = 103-19 , S/B =R.OO , H/O =4.OO

Figure 49. Predicted Theta

Distributions for Test NO, 21.

116



5=0.0508iIETER5$/DJ-2,2B6HO/OJ=4-573VrIBIN= 16.9 ii/$£C VJET = 58.6 M/SEC TMAIN = 6BB.fi K TJET : 312.7 K THEB : 0.3626 BLORAT: 7.572 DENRATIO: 2.18S

MERSURED THETO PROFILES FOR TEST NO 22,TEST SECTION I, TM-CONST • J -26.24 , S/I] = 2.00 • N/O = 4.00

CONTOUR I 2 3 4 5 6 7 8 g 10 11

VALUE 0.0500 0.1000 O.t500 0.20O0 0.2500 0,3000 0.0626 0.4000 0.4500 0.5000 0.6000

Figure 50. Measured Theta

Distributions for Test No. 22.
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MERSURED THETA CONTOURS FOR TEST NO 22, TM-CONST, J=26,24, S/0=2.00, H/D=4.00



CONTOUR 1 2 3 4 5 6 7 8 9 10 11

VALUE O,0500 0-I000 0.1500 0.2000 O.25O0 0.3000 O.3626 0.4000 0.4500 0.5000 0.6000

PREOICTED THETR CONTOURS FOR TEST NO 22, TM-CONSI, J-26-24, $10-2.00, N/D=4.00

S/DJ = 2.Z£ NO/DJ = 4,57 VRATIO - 3.4"/ rRQTIO = 0.468 OENRATIO-Z,185 TMQIN = 668.5 K TJET = 3IZ,7 K THEe = 0-363

X/H = O.25 X/OJ 1.14 X/H = O.SO X/_J _._ X/H = 1.00 XZOJ -_,57 X/H = 2.00 X/OJ _.IS

_TMnIN-T)/_TMnIN_TJ)

, "

{TMAIN-T]/(TMAIN TJ_ [TMQIN T)/(TMAIN TJ_ [TM£1N T)/[TMRIN-TJ)

o._ _....

CONPRRISON 6ETNEEN DATA RNO CORRELRTIONS FOR TEST NO 22, TEST SECTION I,TM CONST. J = 26.24 • S/D =2,00 • H/D =4.00

Figure 51. Predicted Theta

Distributions for Test No. 22.

i18



r-I
,--'i

o

z J I I \ ii I

I
0

°H/X

,-I
-,-I
q..I
0

r_

,...-I
r_
r.i

• ,,-.4

_>

i--I
r_

°_

q..I
O

r...)
i,.-i

r_
Ei

°_



AZ

S

0.5 1.5 _ 2.5

AZ' '

S

z/s

Figure 53. Theta Distributions Obtained from NASA/

Garrett Correlations for Angled Slots.
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APPENDIXA

OPERATING CONDITIONS OF TESTS PERFORMED IN PHASES I AND II

During the review and evaluation of the test data obtained

in the Dilution Jet Mixing Program, Phases I and II, it was

discovered that the momentum flux values quoted earlier were

incorrect. The correct values of momentum flux ratio, dis-

charge coefficients and all relevant test conditions are pro-

vided in Tables A-I through A-8.
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o_ooTest Test S

no. Section (C_)

1 I 2.54 2 4 0.2V39

2 z 2.54 2 4 0.2856

3 i 2.54 4 4 0.26s7

4 I 2.54 4 4 0.2563

5 I 1,27 2 8 0.2604

6 I 1.27 2 B 0.2655

7 I 1,27 4 8 0,2630

8 I 1,27 4 8 0.2623

9 I 2,54 2 4 0.6207

i0 I 2.54 4 4 0.6327

ii I 1.27 2 8 0,6393

12 I 1.27 4 8 0.6311

Mainstream Dilution Jet

Mo_ntu_

Rate ( ) ,T?_t, Z_0 ..........(Denratlo) (Theb)

650 15.8 0.05843 308 26.0 0.670 4.98 2.11 0.176

651 16.3 0.1059 308 52.0 0.600 18.59 2,13 0.270

649 15,2 0.03196 307 25.9 0.730 5,31 2.12 0.107

651 ]4.9 0.06072 304 52.2 0.675 23.51 2.17 0.191

649 15,0 0.05285 308 51.9 0.600 22.32 2.13 0.169

650 15.1 0.1148 299 103.6 0.605 92.63 2,29 0.302

651 15,2 0.0308 302 52.8 0,610 28,37 2,19 0.105

649 15.1 0,05791 299 104,1 0.605 96.00 2.30 0.18]

306 15.4 0.1390 511 109.4 0.610 22.69 0.62 0.183

293 15.2 0.07215 408 103.3 0.600 22,63 0.66 0.102

290 15.2 0.07298 445 102.2 0.600 22,33 0.67 0.102

293 15,3 0.04147 457 97.6 0.650 22.68 0.65 0.062

Axial Dicect ion Transverse

(XIH 0) Direction (Z/S)

0.S - 2.0 0.0 to 1.0

0.5 - 2.O 0.0 to 1.0

0.S - 2.0 -0.S to +0.5

0.5 - 2.0 -0.5 to ÷0.S

0.5 - 2.0 0.0 to 1.0

0.5 - 2.0 0.0 to 1.0

0.S - 2.0 -0.S CO +0.S

0.5 - 2.0 -0.5 to +0.5

0.S - 2.O 0.0 to 1.0

0.5 - 2.O -0.5 to +0.S

0.5 - 2.0 -0.S to +0.S

0.5 - 2.0 0.0 to 1.0



TABLEA-2.PHASEI,SERIES2TESTCONFIGURATIONSANDFLOWCONDITIONS.
PHASE I SE_I_S 2 TESTS

Mainstream Dilution Jet

Oriel ...................... Mass Flow Temp Velocity CUj _ ...................

No. Section (CM) _ _r (KC/S) (M/S} (J) (Denratio_ (_heb)

13 I 2.54 2 4 0.2815 524 16.9 0.1277 294 59.7 0.610 31.79 1.81 0.312

14 I 2.54 4 4 0.2572 672 15.4 0.03311 305 28.4 0.682 6.70 2.21 0.114

15 i 1.27 2 8 0.2777 G16 15.5 0.1206 297 109.3 0.597 99.21 2.07 0.303

16 I 1.27 4 8 0.3134 567 18.1 8.03465 311 63.0 0.670 24.38 1.86 0.100

17 I 2.54 2 4 0.3067 538 16.5 0.1347 803 57.9 0.675 24.45 1.80 0.305

18 I 1.27 4 8 0.3394 545 18.2 0.04052 317 72.2 0.675 29.55 1.76 0.107

RegJoDS of Measurement

Axial Oi_ection Tra,sw_se

(X/H_) Direct io, _/S /

0.5 - 2.0 0,0 to 1.0

0.5 - 2.0 -0.5 to +0.S

0,5 - 2.O -0.S to +0.5

0._ - 2.0 0._ to 1.0

0.5 - 2.0 0.0 to 1.0

0.5 - 2.0 -0.5 to +0.S



Test Test

_o. S_ctio.

19 II

20 _I

21 Z_

22 II

23 IV

24 IV

25 IV

26 IV

27 V

28 V

29 V

30 V

31 Vl

32 Vl

33 Vl

34 Vl

TABLE A-3. pHASE I, S_RIES 3 TEST CONFIGURATIONS AND FLOW CONDITIONS.

PHASE I S_nI_S 3 TESTS

Orifice

Dia

Mainstream Dilution Jet

_o_....
_, ;_S H0 Rate ( l (Vmain) Rate (T t) ( ) Ratio Ratio

5 _ (KG/S) (M/S} (KG/S) (J) (Denratio}

15.9 0.02994 330 58.1 0.650 27.07

15.5 0.O5892 314 i06.4 0.630 i02.5

15.8 0.06222 308 28.1 0.660 6.76

15.8 0.1125 304 54.5 0.600 26.07

17.0 0.02988 312 53.8 0.660 21.05

16.9 0.06006 311 ±05.1 0.640 85.81

15.1 0.05513 322 27.7 0.620 6.73

14.9 0.1045 330 55.1 0.600 26.73

16.1 0.03122 320 58.7 0.650 27.18

16.0 0.06071 319 112.5 0.625 105.7

15.7 0.06334 314 29.1 0.660 7.07

1.27 4 8 0.2537 656

1.27 4 8 0.2543 645

2.54 2 4 0.2531 654

2.54 2 4 0.2534 654

1.27 4 8 0.2775 646

1.27 4 8 0.2772 643

2.54 2 4 0.2462 643

2.54 2 4 0.2452 641

1.27 4 8 0.2619 646

1.27 4 8 0.2609 645

2.54 2 4 0.2560 645

2.54 2 4 0.2542 646 15.6 0.1168 314 56.4 0.620 27.31

1.27 4 8 0.2649 649 16.4 0.03162 320 58.6 0.655 26.58

1.27 4 8 0.2687 647 16.5 0.06250 321 i16.0 0.620 107.6

2.54 2 4 0.2646 650 16.3 0.06489 301 29.5 0.640 7.04

2.54 2 4 0.2629 651 16.2 0.1285 297 55.9 0.610 26.36

2.02

2.19

2.13

2.18

2.10

2.07

2.00

1.96

2.05

2.02

2,06

2.09

2.07

2.18

2.17

2.23

Equilibrium
Theta

(Theh)

0.106

0.1SS

0.197

0.307

0.097

0.178

0.183

O.299

0.107

0.189

0.19_

0.31S

0.107

O.lS9

0,197

0.314

Axial Direction Transverse

(X/H0) Direction (Z/S)

0.25 - 2.0 0.0 to 1.0

0.25 - 2.0 0.0 to 1.0

0.50 - 2.O 0.0 to 1.0

0.5O - 2.O 0.0 to l.a

0.25 - 1.0 -_.5 to +0.5

0.25 - 1.0 -0.5 to +0.S

0.5O - 1.0 G.0 to 1.0

0.50 - 1.0 0.0 to 1.0

O.25 - 1.0 0.0 to 1.0

0.25 - 1.0 0.0 to 1.0

0.5Q - 1.0 -0.S to +0.5

O.50 - 1.0 -0.5 to +0.5

O.25 - 1.0 -0.5 to ÷0.5

0.25 - 1.0 -0.5 to +O.5

O.50 - 1.0 -0._ to +0._

0.50 - 1.0 -O.5 to +O.5



'I'A_L_ A-4. pLlasl_ 1, SERn_S 4 'r_S'L' CO_r[CU_ATIO_S A_ _'LOW CONDrI'mNS,

P.As_ L s_iEs 4 '_STS

M_instream Dilution Jet Regions of MeaSurement

Mo_en um

O,i_iee mass Flow em Velocity Mass Flow Temp Cn a

Test Test Dla S H0 Rate ( ] (Vmain) Rate (T t) (_M]/eSt)) _atio Thet_ Axial Di[ectlon Tranaver_e
No. S_ct ion (CM) D _ (KG/S) (M/S} (KG/S) (a) (Dent at io) [Theb) [X/If0) Direction (Z/S)

35 V 1.27 4 8 0.3566 561 18.7 0.03971 308 70.9 8.650 26.13 1.86 0.i00 ] 0"25 - 1.0 0.0 to l.O

36 V 1,27 4 8 0.3579 568 18.8 0.07689 305 139.1 0.600 105.7 2.01 0.177 1 0"25 - 1.0 0.0 to 1.0

37 g 1.27 4 8 0.3532 417 16.0 0.02419 319 40.7 0.725 11.27 1.32 0.054 0.25 - 1.0 0.0 to 1.0

38 V 1.27 4 8 0.3645 416 16.0 0.04355 315 75.4 0.660 40.18 1.36 0.107 0.25 - 1.O 0.0 to 1.0



T_B_ A_S. FHASE XI, S_I_S S _TCO,F_GU_'r_O_ ANO_L_ ¢ONDr_rONS.

p_ASE n S_S S 'I_TS



TABL_ A-6. P_ASZ _I. S_RIES 6 T_ST CONFIGU.A_IO_ AND FLOW CONDX_*ONS.

P_E n SSRIZS G TZS_S





TABL_ A-8. pHASE n. S_l_S 8 T_S, CONEUG,kmlONS AND FLOW CON_ITZONS.

(KG/S) JT (KT IM/_i M I (Col _guilib_ ium i _._X_lio_. [ l_ansverse

Mass FlOw lemp Velocity Mass Flow loml.ntum Temp Velocity
Ma s_a $_o_ _mp Velocity

. $ _ Rate [Tmalnl (vial.) Rate latlo (lJ) [VJ ,) JB (K_ ITheb) IllS)

27 I 2.54 (S4GI 4 0.2719 646.3 16.6 0.03)14 6.75 313.4 30.I 0.665 0.03455 6.82 305.0 29.5 0.680 0.1993 0.25 - 2.0 -0.5 to 1.0

28 i 2.54 (S_G) 4 0.2747 644.7 16.9 0.06534 26.41 307.4 59.4 0.650 0.06823 26.27 303.6 5B.6 0.670 0.3271 0.25 - 2.0 -0.5 to 1.0

29 I 2.54 (14L) 4 0.2681 645.4 16.5 0,06407 26.05 307.5 58.6 0_645 0.0_515 27.05 300.6 57.4 0.645 0.3253 0.25 - 2.0 -0.5 to +0.5

30 I 2.54 (I_L) 4 0.27O0 6a5._ 16.6 0.1306 !06.9 306.9 114.9 0.610 0.1324 lO_.O 304._ 11_.6 0.6_0 0.49_ 0.2_ - 2.0 -O.S _o +O.S

31_ i 0._144 1 _9.w 0.273_ 6_6.0 l_.e o.o_v_2 _.6_ 3_0.s 2_., 0._0 .................. o.12n 0.25 - 2.0 0 _o _0

3_ I 0,_144 1 19._5 0.2720 6_6.7 16._ 0.0735_ _6.36 30e._ 21._ 0.735 .................. o.n2_ 0.15 - 2.0 0 to 40

_1c 1 0.51_ 1 l_.?s 0.27_v 6_.3 16.s 0.1_92 105.4 305.1 na.a 0.7_s ............... 0._520 0.25 - 2.0 0 _o _0

32 I 2.25 (I_L) _ 0.2_32 646.5 i_,8 0.06414 24,_3 311._ 59,_ 0,670 .................. 0.1902 0.25 - 2.0 -0.5 to +Q,5

n l Ll_ (iim a o.X_l_ 6aS.l 16.6 0.07_7_ _0._ 303._ 72.3 0.630 o.04,ss 1_.20 299.1 4a.2 0.6_0 0._201 0.25 - 2.0 -0.s _o +0.5

3_ i 1.2v (12_l _ 0.2_0_ 6_s._ 16.6 0.0_407 s_.06 30_.2 e5.7 0.6_0 0.03_ 6.77 300.6 2_.7 0.6_0 o.nox 0.25 - 1.0 -0.5 to +o.s

35 Ill 1.2_ _I_L) _ O.Z6a_ 6_5.0 16.4 0.0_2_5 26.20 30_.a 57.2 0.630 0.06_79 26.12 301.0 56._ 0.6_0 O._Z_S O._S - l.O -O.S _o +0.S

36 III 1.27 (IN2LI _ 0.2698 _4.5 1_.4 0.1300 106.S 301.1 U_._ 0.630 0.1294 106.4 _01.6 n3.a 0.630 0._902 0.15 - I.o -0._ ¢0 +o._

37 in 1._7 (s_ci _ 0.26_ 645.6 16.4 0.03_0_ _s._s 310.7 57._ 0.640 0.0311_ 25.67 _09.0 57.7 0.640 o.las2 0.25 - 1.0 -0.5 _o 1.0

38 III 1.27 (S_G) 8 0.2680 645.6 16.4 0.06494 i08.8 303.3 113.8 0.630 0.06379 i05.8 303.3 113.8 0.630 0.3245 0.25 . 1.0 -0.5 ho 1.0

39 Ill 2.54 (ST4G) 4 0.2707 645.6 16.5 0.03352 6.69 311.9 29.7 0.675 0.0339 6.75 307.5 29.5 0.675 0.1994 0.25 - 1.0 -0.5 to 1.0

_0 nz _.si (s_G) _ 0.272? 6_5,7 16.6 0.06_e1 25._5 302._ 57,I 0.645 0.06635 26.3_ 293.6 55._ 0.645 0._247 0.25 - 1.0 -o.s _0 l.o

_z ni 2.54 (1_ 4 0._723 6as.6 16.5 0.066n 6.62 305.S 29.2 0.660 0.06633 6.65 304"._ 2_.3 0.6_0 0.3272 0.25 - 1.0 -0._ _o +0.5

42 III 2.54 (I_L) 4 0=2726 645.8 16.4 0.1248 26.12 302.5 57.2 0.620 0.1243 26.0 303.0 57.4 D.620 0.4774 0.25 . 1.0 .0.5 to +0.5



TASLE A-S. PHASE II. SZ_I_S 8 T_ST CON_ZGURA_XONS A_D eLOW CO,DITIO_S[CONTI_OED).

p_AS_ n SERZES B _S_S

T_ mls) czsls) aT (K_ 1_I_1 Mass _low _o_e_um _,_p
H lw_in) R_t_ _atlo (Tj i {vj )

43 IXZ 2S4 2 4 O.n4S 5065 1_9 0.078n 77_ nO._ _4_ O._S ...... O SSVa O IS - 1.0 -O.S _o *OS

4_ nI 2.$4 I I O.nSo _O_.a _.9 0.15_6 _0.00 _O_.S _.S 0._50 .... 0._4_0 0.25 - 1.o -o.s _o +o.s

45a I 1.024 1 9.92 0,2688 644,7 16.5 0.0749 6.66 307,8 29,4 0,750 .... 0,2179 0.25 - 2.0 0.0 to 4,0

45b I 1.024 1 9.92 0.2708 644.4 16.6 0.1434 25.33 308.7 57.3 0.725 ........ 0.3462 0_25 - 2.0:0.0 to 4.0

(X_m

4? I _.S_ 2 4 0._710 644._ i_,6 0.127_ 2S.S_ 302._ ST.O 0._45 0._ 2S.S_ _03._ SV.3 0,645 O._S4_ 0.25 - 2.0 -O.S _o *O.S

so x 1so 2_3 s_? 02_79 _4.9 _.s 006_2_ 2s_6 2_ss s_ o_os -+ 0.205_ 0.2S - 2.0 -0.5 to +O.S
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